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  ARTICLE
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    Voltammetric determination of gabapentin by a carbon ceramic electrode modified with multiwalled carbon nanotubes and nickel-catechol complex

  

   

   

  Fahimeh Jalali*; Zahra Hassanvand; Parisa S. Dorraji

  Department of Chemistry, Razi University, 67346 Kermanshah, Iran

   

  
    A técnica sol-gel foi usada na fabricação de um eletrodo cerâmico de carbono (CCE) renovável com complexo níquel-catecol (Ni-CA). O complexo foi depositado na superfície de nanotubos de carbono de parede múltipla-CCE por potencial cíclico na faixa de 0,0-0,8 V (vs.  eletrodo saturado de calomelano, SCE). Ni-CA mostrou ter atividade catalítica sobre a reação redox de gabapentina. Observou-se uma relação linear da corrente de pico anódico com a concentração de gabapentina na faixa de 1,25-63,23 µmol L-1 com um limite de detecção de 0,5 µmol L-1. A resposta do eletrodo com respeito à gabapentina era bem reprodutível e observou-se estabilidade a longo prazo do eletrodo (acima de 2 meses). O eletrodo foi aplicado com sucesso à determinação de gabapentina em preparações farmacêuticas.

  

   

  
    Sol-gel technique was used for the fabrication of a renewable carbon ceramic electrode (CCE) modified with nickel-catechol complex (Ni-CA). The complex was deposited on the surface of a multiwalled carbon nanotubes-CCE by potential cycling in the range of 0.0-0.8 V (vs.  saturated calomel electrode, SCE). Ni-CA showed electrocatalytic activity towards the redox reaction of gabapentin. A linear relationship of anodic peak current with gabapentin concentration was observed in a range of 1.25-63.23 µmol L-1 with a limit of detection of 0.5 µmol L-1. The electrode response towards gabapentin was quite reproducible and a long-term stability of the electrode (more than 2 months) was observed. The electrode was successfully applied to the determination of gabapentin in pharmaceutical preparations.

    Keywords: carbon ceramic electrode, gabapentin, nickel, catechol, electrocatalysis

  

   

   

  Introduction

  Gabapentin (GP), 1-(aminomethyl)cyclohexane acetic acid, is an antiepileptic drug which is also effective in the prevention of frequent migraine headaches, neuropathic pain, and nystagmus. It is a cyclic analogue of gamma-aminobutyric acid (GABA) which may alter GABA transmission in the central nervous system.1,2 The lipophilic cyclohexane ring in its structure allows GP, unlike GABA, to cross the blood-brain barrier. GP increases the rate of synthesis and accumulation of GABA, decreases the release of monoamines (dopamine, norepinephrine, and serotonin), and weakly inhibits GABA-transaminase, an enzyme which degrades GABA into other amino acids.3

  Due to the absence of chromophores and fluorophores in GP, derivatization is a part of the electrophoretic and chromatographic[20] assays for the drug analysis. For example, in electrophoretic methods, derivatization of GP with fluorescamine,4 and 6-carboxyfluorescein succinimidyl ester5 was used to provide chromophores for UV absorption and fluorescence detection. In chromatographic methods, reagents such as 9-fluorenylmethyl chloroformate,6 4-fluoro-7-nitrobenzofurazan,7 and 1-fluoro-2,4-dinitrobenzene8 were used for the determination of GP with fluorescence detectors.

  Electrochemical methods, on the other hand, have been proven to be very sensitive to the determination of drugs and related molecules. The advance in electrochemical techniques in the field of analysis of drugs is due to the simplicity, low cost and relatively short analysis time when compared to electrophoretic and chromatographic techniques. Moreover, the use of chemically modified electrodes in electrochemical methods is widely reported for sensitive and selective determination of various pharmaceuticals.9,10

  Sol-gel electrochemistry has rapidly developed over the last years and has become an area of active research.11 The ability to form inorganic-organic hybrids and tailoring thin films make it attractive for the field of chemically modified electrodes.12,13 Carbon-ceramic composite electrodes (CCEs) are comprised of a dispersion of carbon powder that is held together by a ceramic binder. The ceramic material is produced from the low temperature sol-gel process which involves the hydrolysis of an alkoxide precursor, followed by condensation of the hydroxylated monomer.11,14

  The composite electrode benefits from the mechanical robustness of the silicate backbone, resistance to air oxidation and to hydrolysis under extreme pH conditions. Electron conductivity through the interconnected carbon grains and the ability to manipulate the physicochemical characteristics of the matrix by incorporation of suitable monomer precursors or sol-gel dopants are other advantages of CCEs.

  Gavalas et al.  reported the fabrication of carbon nanotube (CNT) composite electrodes based on the sol-gel technique.15 The composite carries with it the advantages of both CNTs16,17 and CCEs. Thereafter, various procedures were employed for the fabrication of CCEs modiﬁed with CNTs (single- and multiwalled) and they have been used in sensing of important organic and inorganic compounds.18-22

  Moreover, CCEs can be appropriately modified by metallic redox mediators.23-25 Several modified CCEs were recently used for the determination of pharmaceutical compounds.18,21,26

  GP is not electroactive at the surface of most unmodified electrodes; the only report is on gold electrode.27 Chemically modified electrodes such as nanotubes of nickel oxide-modified carbon paste electrode28 and silver nanoparticle modified multiwalled carbon nanotubes (MWCNTs) paste electrode29 were used for the voltammetric determination of GP, through an electrocatalytic mechanism.

  In this work, Ni-catechol complex (Ni-CA) was deposited on the surface of a MWCNT-CCE electrode and used in the electrocatalytic determination of GP. Carbon paste electrode that has been used in the determination of GP28 is nonporous, and therefore only its outermost surface is wetted by the electrolyte and accessible to dissolved substrates. In contrast, CCE has a porous structure, which is not clogged by the mechanical polishing step, due to the brittleness of the inorganic matrix, and is highly resistant to plastic deformations. Thus, highly reproducible responses were observed by using CCEs instead of carbon paste electrodes.30

  Moreover, the resistance of CCE to extreme pH conditions (in this work, pH 13), and the advantages of MWCNTs, such as improvement in the rate of electron transfer and enlargement of surface area were considered in the present work.

   

  Experimental

  Reagents and solutions

  Methyltriethoxysilane (MTEOS) and Ni(NO3)2.6H2O were from Merck. MWCNTs (20-50 nm o.d. , purity > 95%) and graphite powder were purchased from Aldrich. GP powder was from Bakhtar Bioshimi Pharmaceutical Company (Kermanshah, Iran). All other chemicals were of analytical grade and used without further purification. All solutions were freshly prepared using doubly distilled water.

  Apparatus

  Electrochemical measurements were performed with µ-Autolab type III potentiostat/galvanostat instrument. Data acquisition was performed using software NOVA 1.8. A three-electrode system consisting of a saturated calomel electrode (SCE) as the reference, a platinum wire as the counter electrode, and a modified MWCNT-CCE as working electrode was employed for the electrochemical measurements. All experiments were conducted at room temperature. A pHmeter (Jenway, Model 140) with a combined glass electrode was used to check the pH levels of the solutions.

  Preparation of Ni-CA/MWCNT-CCE

  MWCNT-CCE was prepared according to the procedure described by Lev and co-workers.14 Briefly, a mixture of MTEOS (0.2 mL), methanol (0.6 mL) and hydrochloric acid (20 µL, 11 mol L-1) was magnetically stirred to ensure uniform mixing, after which graphite powder (1.0 g) and MWCNTs (0.01 g) were added and the mixture was shaken for 5 min. The mixture was packed into a Teflon tube (2 mm i.d. ), and dried at room temperature for 48 h. The prepared MWCNT-CCE was polished with polishing paper to remove any extra composite material.

  Ni(II)-catechol complex (Ni-CA) was deposited on the electrode surface by immersing MWCNT-CCE in NaOH solution (0.1 mol L-1) containing a 2:1 mixture of CA (0.36 mmol L-1) and Ni(NO3)2 (0.18 mmol L-1), and applying the potential ramp between 0 and 100 mV (vs.  SCE) with a scan rate of 50 mV s-1 in a cyclic voltammetry regime.31-33

  Determination of GP in tablets

  A homogenized powder was prepared from ten accurately weighed tablets (100 mg tablet-1). A proper portion of the powder equivalent to 0.021 g GP was added to HCl solution (2 mL, 0.01 mol L-1). Dissolution of the drug was assisted by means of ultrasonication. After filtration on a filter paper, the solution was made up to the mark with distilled water in a 50 mL volumetric flask. A 10 mL portion of this solution was transferred into a 25 mL volumetric flask and diluted with distilled water. The GP content was determined by linear sweep voltammetry (LSV) using the modified electrode.

   

  Results and Discussion

  Electrochemical behavior of Ni-CA/MWCNT-CCE

  Cyclic voltammograms of separate solutions of Ni, CA, and Ni-CA in NaOH (0.1 mol L-1) on MWCNT-CCE are compared in Figure 1. In the case of Ni(NO3)2 solution (curve a), well-defined anodic and cathodic peak currents of Ni(II)/Ni(III) were observed on a large background current. The corresponding half-reaction is:

  
    [image: Equation 1]

  

  
    

    [image: Figure 1. Cyclic voltammograms]

  

  The formal potential, Eº ', was calculated (= (Epa + Epc)/2) as about 0.65 V. The peak separation (ΔEp = Epa – Epc) of 0.16 V shows the quasi-reversible nature of the electron transfer.

  CA showed no distinguishable peak (curve b) because, at highly alkaline media, CA undergoes hydrolysis and converts to quinone in solution. In a mixture of Ni(II) and CA (curve c), however, a well-defined pair of anodic and cathodic peaks were observed at lower potentials (Eº' = 0.41 V) with very low background current. Indeed, Ni-CA complex is formed between the oxidized form of CA (o-quinone) and nickel ions (Figure 2), which is more readily adsorbed at the electrode surface,34 and a large negative shift in oxidation potential results. The presence of MWCNTs in CCE provided a larger surface area for Ni-CA to be deposited, and accelerated electron transfer rate between Ni-CA and the substrate electrode.19

  
    

    [image: Figure 2. Mechanism of the formation]

  

  Consecutive potential cycling on MWCNT-CCE (16 cycles) showed increasing anodic and cathodic currents in a 2:1 mixture of CA and Ni(NO3)2 in alkaline solution (0.1 mol L-1 NaOH). Figure 3 shows the result of repeated cyclic voltammograms in the range of 0.0-0.8 V (vs.  SCE) with a scan rate of 50 mV s-1. Increasing of anodic and cathodic currents with the number of potential cycles confirms the electrodeposition of the redox species (Ni-CA) on MWCNT-CCE. The ratio of cathodic peak current (Ipc) to anodic one (Ipa) was about unity, which showed the stability of the oxidation product at the electrode surface.

  
    

    [image: Figure 3. Consecutive cyclic voltammograms]

  

  Effect of pH on redox behavior of Ni-CA/MWCNT-CCE

  The influence of pH was examined on the voltammetric behavior of Ni-CA/MWCNT-CCE in the pH range from 10 to 13, and the results are shown in Figure 4. As is shown, by increasing the pH, enhancement of anodic and cathodic peak currents was observed and the formal potential Eº' (= (Epa + Epc) / 2) of the redox couple shifted to less positive potentials (Figure 4 inset), suggesting that OH– participated in the redox process of the modified electrode. The large slope (which was reported in literature, previously)35,36 could not be related to the ratio of the number of H+ and electrons in the electron transfer mechanism, due to the quasi-reversible behavior of Ni(II)/Ni(III) redox couple. The peak disappeared at pH < 9 as was reported earlier for the redox couple.36

  
    

    [image: Figure 4. Cyclic voltammograms of Ni-CA/MWCNT-CCE]

  

  Voltammetric behavior of Ni-CA/MWCNT-CCE in the presence of GP

  Due to the strong complex formation between GP and Ni(II),37 the effect of the presence of the drug was examined on the response of Ni-CA/MWCNT-CCE. The electrocatalytic properties of nanotubes of nickel oxides (dispersed in a carbon paste electrode) on the electro-oxidation of GP was previously reported.28

  As is shown in Figure 5, in the presence of GP (26.7 µmol L-1), both anodic and cathodic peaks increased. The increase of oxidation current was attributed to the production of Ni(II) through the reaction between Ni(III) and GP:

  
    [image: Equation 2]

  

  
    [image: Equation 3]

  

  
    

    [image: Figure 5. Cyclic voltammograms]

  

  However, the cathodic current increased as well. This behavior was observed at the surface of nickel-modified electrodes for the electrocatalytic determination of glucose38 and l-histidine.39 Because Ni(II)/Ni(III) redox couple serves as both an electronical medium (enhancing cathodic and anodic currents simultaneously) and a catalyst, the electrochemical behavior is different from typical mediated catalytic oxidation in which the cathodic peak current decreases.

  Effect of scan rate on Ni-CA/MWCNT-CCE in the presence of GP

  The influence of scan rate was investigated in the range of 10-100 mV s-1 on the electrochemical behavior of Ni-CA/MWCNT-CCE in the presence of GP. Both cathodic and anodic currents increased with scan rate (Figure 6a). Linear increase of peak current with scan rate (Figure 6b) indicates an adsorptive redox process, which may be due to the tendency of GP to interact with nickel ions at the electrode surface.36 The plot of log(Ipa) against log(υ) was linear (Figure 6c) with a slope of about 0.83, which shows the large contribution of adsorption of GP to the current flow; in the case of diffusion currents, the slope approaches 0.5.40

  Effect of accumulation time

  
    

    [image: Figure 6. (a) Cyclic voltammetry]

  

  Due to the importance of GP adsorption, the effect of accumulation time (tacc) was investigated on current response of the modified electrode, as depicted in Figure 7. The peak current increased with tacc up to 10 min, beyond which it leveled off due to the saturation of the active surface of the electrode. Therefore, the sample solutions were equilibrated with the electrode surface for 10 min before each measurement.

  
    

    [image: Figure 7. Effect of accumulation time]

  

  Linear range and limit of detection

  Linear sweep voltammetry (LSV) was applied to the determination of GP on Ni-CA/MWCNT-CCE (Figure 8). In the absence of GP, the oxidation peak current is due to Ni(II)/Ni(III) redox couple at the surface of 
    Ni-CA/MWCNT-CCE. In the presence of GP, peak current was increased linearly with GP concentration in the range of 1.25-63.23 µmol L-1, with the regression line: 
    Ip / µA = 0.072 [GP] / µmol L-1 + 4 × 10-6, with R² = 0.995. The limit of detection (LOD) was calculated by using the equation: YLOD = YB + 3SB,41 in which YLOD is the peak current at LOD, YB is the average current for blank solution (= intercept of the calibration curve), and SB is the standard deviation of replicate measurements of the blank measurements. A value of 0.5 µmol L-1 was calculated for LOD.

  
    

    [image: Figure 8. (a) LSVs of Ni-CA/MWCNT-CCE]

  

  Repeatability and stability of Ni-CA/MWCNT-CCE

  For six successive determinations of GP (26.7 µmol L-1) under optimum conditions, the anodic current was nearly constant (relative standard deviation, RSD% = 0.67%). The excellent repeatability (intra-day) of the results is one of the advantages of CCEs, because, unlike carbon paste electrodes, the porous structure of the electrode is not clogged by the mechanical polishing step, and it is highly resistant to plastic deformations. The inter-day repeatability of the method was examined by using 
    Ni-CA/MWCNT-CCE in the voltammetric determination of GP (25 µmol L-1) in four different days. A value of RSD% = 2.94% was obtained, which shows the stability of the electrode response during using, and storage in a long time period.

  The electrode showed excellent stability over a period of 2 months (the peak current for GP was changed to 90% of its initial response after this period), which is partly due to the mechanical robustness of CCEs and resistance to extreme pH conditions. The electrode was shelf-stored when it was not used.

  Comparison of the analytical figures of Ni-CA/MWCNT-CCE for GP determination with similar reports is shown in Table 1. The linear range and LOD of the proposed method is comparable with some of the previous reports. The sensitivity was improved compared to nickel-oxide nanotube carbon paste electrode,28 which may be due to the larger amount of Ni(II)/Ni(III) redox couple at the surface of Ni-CA/MWCNT-CCE. The presence of MWCNTs and highly porous structure of CCE provide a larger surface area for Ni-CA deposition.

  
    

    [image: Table 1. Comparison of the efficiency of some modified]

  

  Interference studies

  The influence of various inorganic ions and organic compounds on the determination of GP (20 µmol L-1) was studied at optimum conditions. The results showed that in the presence of 1000-fold of Ca2+, Mg2+, Br–, NH4+, SO42–, citric acid, and glucose the current change was less than ± 5%. Examination of histidine, glycin, and uric acid showed their tolerance limit about 10-fold compared to GP.

  Analytical applications

  The applicability of Ni-CA/MWCNT-CCE to the determination of GP was examined in the recovery of certain GP amounts in solution. Two concentrations of GP (33.82 and 49.88 µmol L-1) were prepared and the corresponding LSVs were recorded at Ni-CA/MWCNT-CCE under optimum conditions. The recovery of GP was calculated by applying the peak currents in the calibration curve, obtaining the concentrations, and comparing them with the real amounts of GP. The recoveries for the two concentrations of GP used in this experiment were 100.06 and 98.97%, respectively.

  Application of the proposed method was also tested by the analysis of GP tablets (100 mg tablet-1). Figure 9a shows the LSVs of Ni-CA/MWCNT-CCE in a solution (50 µmol L-1) prepared from GP tablets in a standard addition experiment. Figure 9b shows the standard addition plot. The average of 4 replicate measurements of GP was 97.3 ± 1.73 mg of GP per tablet. The accuracy and precision of the analysis were satisfactory in the determination of GP in formulations.

  
    

    [image: Figure 9. (a) LSVs for the determination]

  

   

  Conclusions

  A carbon ceramic composite electrode was prepared in the presence of MWCNTs. Nickel-catechol complex was deposited electrochemically at the surface of the electrode. The porosity of ceramic materials, along with the improvement of electron transfer rate and large surface area provided by MWCNTs, made the electrode a proper microenvironment for the deposition of nickel complex. The prepared electrode showed good catalytic activity in the oxidation of gabapentin. The electrode had a long lifetime and shelf storage advantages, so can be used as the detector of gabapentin in flow system. The robustness of the electrode was advantageous in the polishing step, because of the resistance of CCEs to clogging and deformations, therefore, highly reproducible results were obtained. Determination of gabapentin in dosage forms by the proposed method was satisfactory with a recovery of 97.33 ± 1.73%.
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    A oxidação da glicina e alanina por Oxone®, catalisada por íons brometo foi estudada em meio ácido. A reação é iniciada pela oxidação do brometo ao bromo, que reage com o aminoácido. A formação de bromo é comprovada pelo exame espectrofotométrico da mistura reacional. O intermediário proposto envolve a formação de um complexo entre o bromo e o ânion do aminoácido. A taxa de reação é inibida por um aumento na concentração do íon hidrogênio devido ao equilíbrio de protonação dos aminoácidos. Um mecanismo é proposto e a lei da razão derivada foi verificada graficamente. O efeito da permissividade relativa, força iônica e temperatura também foram acompanhados e esses efeitos também dão suporte ao mecanismo proposto.

  

   

  
    Oxidation of glycine and alanine by Oxone® catalysed by bromide ions has been studied in acidic medium. The reaction is initiated by the oxidation of bromide to bromine, which then reacts with the amino acid. The formation of bromine is supported by the spectrophotometric examination of the reaction mixture. The proposed intermediate involves a complex formation between bromine and the anion of the amino acid. The rate of the reaction is inhibited by an increase in the hydrogen ion concentration due to the protonation equilibria of the amino acids. A mechanism is proposed and the derived rate law was verified graphically. Effect of relative permittivity, ionic strength and temperature was also carried out and these effects are also in support of the mechanism proposed.

    Keywords: kinetics, Oxone®, bromide, catalysis, amino acids

  

   

   

  Introduction

  Bromine and its compounds are used as brominating and oxidizing agents in organic chemistry. A moderate redox potential of the Br2/2Br– couple of 1.065 V makes it as a selective and mild oxidizing agent1 in both acidic as well as alkaline solutions. The hazardous nature of bromine limits its uses in environmentally benign protocols. Therefore, attempts have been made to utilise the compounds like tetraalkylammonium salts2,3 which contains bromine in the form of tribromide anion. These salts, when dissolved in a solvent, produce active bromine species, which effect the desired reaction to occur. Hypobromous acid, HOBr, is another active bromine species, which can be generated in situ. Variety of N-halo reagents are utilized for the generation of hypohalous acids4-10 in solution for their application in synthetic organic chemistry, analytical determinations of organic compounds and for the study of mechanistic aspects.

  Hypobromous acid (HOBr), a reactive bromine species, is known to be generated11 during the disinfection process of water using chlorine or ozone containing bromide ion. Bromide ion concentrations12 in ground water are in the range of 0.01 to 3 mg L–1. This reactive bromine species, HOBr, can also be prepared by the combination of bromide and an oxidizing agent. Such combination of bromide with oxidants, like bromate and Oxone® has been utilized as a green protocol for bromination and oxidation13 in organic synthesis. Biological production of hypobromous acid is also reported during activation14 of eosinophils. The release of eosinophil peroxidase due to respiratory burst catalyzes the reaction between hydrogen peroxide and bromide ions to form hypobromous acid. The HOBr, thus, produced kills the invading pathogens,14 and also plays an important role in damaging the tissues. It was also concluded that proteins are the major biological compounds15 reacting with the HOBr. Therefore, we investigated kinetically the reaction between amino acids and Oxone® in the presence of bromide in acidic medium in order to understand the probable path of the reduction of the in situ generated bromine species.

   

  Experimental 

  Chemicals and solutions

  All the chemicals used were of reagent grade and the solutions were prepared in double distilled water. The amino acids glycine and L- alanine were purchased from HiMedia and Oxone® from Spectrochem. The AR grade sulphuric acid (SDFine), potassium bromide (Thomas Baker) and sodium sulphate (SDFine) were used as received. The solutions of all the reactants, catalyst, sulphuric acid and sodium sulphate were prepared in double distilled water. The pH of the solutions was measured by Elico pH meter.

  Kinetic measurements

  The reaction was initiated by mixing previously thermostated solutions of the reactants at desired temperature. The reaction was followed by determining the unreacted oxidant iodometrically. The pseudo-first-order rate constants were determined from the linear plots of log(oxidant) against time plots and the values were reproducible up to +6%. The UV-Vis spectra of reaction mixtures were measured by using Shimadzu UV-3600.

  Stoichiometry and product analysis

  The stoichiometry for all the amino acids was determined by analysing the reaction mixtures containing amino acid (1.0 × 10–2 mol dm–3) bromide (5.0 × 10–3 mol dm–3), sulphuric acid (0.03 mol dm–3) and excess of oxidant (0.1 mol dm–3). The reaction mixture containing excess of oxidant, Oxone®, was kept in a thermostat at a required temperature for about a day and the remaining oxidant was iodometrically determined. The stoichiometry was found to be one mole of Oxone® per mole of each amino acid. The products according to the stoichiometry were the corresponding aldehydes.

  For product analysis, the reaction mixtures (concentration of each reactant being twenty times that under kinetic condition) were allowed to stand for 24 h and then distilled, the distillate being collected in a closed container. The distillate was treated with 2,4-dinitrophenyl hydrazine (DNP) solution in 4 (N) H2SO4 when a yellow DNP derivative of the product was precipitated. It was filtered off, washed thoroughly, recrystallized from water and dried. The melting point (mp) of the derivatives were found to be 164 ºC and 145 ºC for glycine and alanine respectively (lit. mp 166 ºC and 145 ºC, respectively16) confirming the formation of formaldehyde and acetaldehyde as the products of the reactions. The presence of ammonia in the reaction product was tested by Nessler's reagent. The product CO2 was qualitatively detected by bubbling nitrogen gas through the reaction mixture and passing the liberated gas through limewater for all the amino acids. The proton NMR spectra of the DNP derivatives were recorded from Bruker Avence II 300 MHz instrument in CDCl3(S1 and S2) . The assignments of the peaks for formaldehyde is 1H NMR (CDCl3, 300 MHz) δ 6.74 (d, 1H, J 10.8 Hz), 7.16 (d, 1H, J 10.8 Hz), 8.00 (d, 1H, J 9.5 Hz), 8.36 (dd, 1H, J 2.6 & 2.7 Hz), 9.14 (d, 1H, J 2.7 Hz) and for acetaldehyde 1H NMR (CDCl3, 300 MHz) δ 2.15 (d, 3H, J 5.4 Hz), 7.58 (q, 1H, J 5.3 & 5.5 Hz), 7.94 (d, 1H, J 9.5 Hz), 8.30 (dd, 1H, J 2.5 Hz), 9.11 (d, 1H, J 2.6 Hz). Both spectra confirm the formation of the respective aldehydes.

   

  Results and Discussion

  Effect of oxidant and amino acid concentration

  The effect of oxidant, Oxone®, was studied by keeping all other concentrations constant at fixed ionic strength and temperature. The concentration of oxidant was varied from 2.0 × 10–3 to 2.0 × 10–2 mol dm–3 (Table 1) and the pseudo-first-order rate constants, kobs, were found to be constant indicating the first order dependence of the reaction on the oxidant concentration. The pseudo-first-order rate constants were found to increase with increase in concentration of amino acids varied between 0.05 to 0.5 mol dm–3 at a constant concentration of oxidant, catalyst, sulphuric acid and at an ionic strength of 0.05 mol dm–3. The plot of kobs against [amino acid] were also found to be linear (R2 > 0.9916), indicating the first order dependence of the reaction on the [amino acid].

  
    

    [image: Table 1. Effect of concentration of amino acid]

  

  Effect of bromide ion and hydrogen ion concentration

  The concentration of bromide ion varied between 1.0 × 10–3 to 1.0 × 10–2 mol dm–3 at constant concentration of all other constituents and at a constant temperature. The pseudo-first-order rate constants increase linearly as the bromide ion (Figure 1) concentration increases, showing a first-order dependence of the reaction on its concentration. The pseudo-first-order rate constants were found to decrease as the hydrogen ion concentration increases from 1.07 × 10–2 to 7.92 × 10–2 mol dm–3 keeping all other concentrations constant. The values of kobs decreases with increase in hydrogen ion concentration (Table 2) and the orders in hydrogen ion concentration were found to be around –0.53 indicating inverse first-order dependence on the hydrogen ion concentration. The hydrogen ion concentration in the reaction mixture was calculated using known equilibrium constants of sulphuric acid and orders in hydrogen ion concentration were determined from log[H+] against log kobs plots.

  
    

    [image: Figure 1. Effect of concentration of bromide ion]

  

  
    

    [image: Table 2. Effect of concentration of sulphuric acid on various]

  

  Effect of relative permittivity, ionic strength and temperature

  The effect of relative permittivity and ionic strength was studied by keeping concentrations of oxidant (0.02 mol dm–3), amino acid (0.2 mol dm–3), potassium bromide (0.005 mol dm–3) and sulphuric acid (0.03 mol dm–3) constant at 27 ºC. The ionic strength varied between 0.08 to 0.17 mol dm–3 by adding potassium nitrate while that of relative permittivity by adding acetic acid between 0 to 40 % v/v. The pseudo-first-order rate constants of the reaction were found to increase moderately as the ionic strength increases and decrease as the acetic acid content increases. The plot of log kobs against 1/D (where the relative permittivity of the reaction mixture) was found to be linear with negative slope. The effect of temperature was studied between 15 to 45 ºC by keeping all the concentrations constant (Table 3.) The activation parameters calculated from the effect of temperature are given in Table 3. The plots of log kobs and log (kobs /T) against T were given in supplementary data (S3 and S4).
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  Mechanism

  The accepted structure17 of the oxidant, Oxone® or peroxomonosulphuric acid, used in the present study contains a sulphur atom surrounded tetrahedrally by perhydroxyl group and a hydroxyl group, as shown in Scheme 1. The proton of the hydroxyl group is equivalent to that of sulphuric acid proton and is highly ionized18 while that of the perhydroxyl group is weakly ionized. The pK value of the perhydroxyl proton is reported18 to be 9.4, indicating that in strongly acidic pH, the peroxomonosulphate exists mainly in the form of HSO5– ion.

  
    

    [image: Scheme 1.]

  

  Since, the conditions of the present study are carried out in the pH range of 1 to 2, the oxidant is in the form of peroxomonosulphate anion, HSO5–. The oxidations of halide ions by peroxomonosulphate ion19,20 has been studied and an oxygen atom transfer mechanism is proposed. The mechanism involves slow oxidation of bromide ion in acidic medium containing stoichiometrically excess oxidant generating HOBr with a rate constant19 of 0.7 dm3 mol–1 s–1. In acidic medium, hypobromous acid, HOBr, undergoes various equilibrium and redox reactions as given in equations 1-4 with the reported equilibrium and rate constants respectively. The pK value21 of the hypobromous acid is 8.8, therefore, under the present conditions of the reaction, it exists in the protonated form, HOBr. In acid medium, the first rate determining step of oxidation of bromide ion by peroxomonosulphate, Oxone®, is the formation of hypobromous acid followed by its fast oxidation generating bromine as shown in reaction 2 with a rate constant21 of the order of 1.6 × 108 dm6 mol–2.

  
    [image: Equation 1]
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  Other possible reactions of bromine are formation of tribromide21 ion according to reaction 3 and reaction 4. However, it has been predicted that formation of tribromide ion is negligible19 in solutions containing excess of HSO5– than the bromide ion. The rate law for the reaction 4 requires an order of more than unity in bromide ion as it involves two hypobromous acid molecules21 which is also not observed in the present investigation. Therefore, the oxidation of bromide ion to hypobromous acid in a slow step and bromine in a fast step by the active oxidant species, HSO5–, is considered as the probable path of generating the active catalyst species, bromine, in the present reaction. The bromine produced reacts with the amino acid without undergoing any of the reactions 3 and 4. The UV-Vis spectra of various species formed in the reaction between bromide and Oxone® is reported. 19 Therefore, the UV-Vis spectrophotometric examination of the reaction mixture with and without amino acid was carried out to know the probable active species formed in the present study. The UV-Vis examination of a mixture of bromide and Oxone® in the presence of sulphuric acid gave a peak at 394 nm (Figure 2) indicating formation of bromine, the other bromine species HOBr, Br3– and BrO– absorbs at 262, 266 and 332 nm, respectively. Since, the UV-Vis spectrum of mixture containing bromide and Oxone® shows only one absorption peak at 394 nm corresponding to bromine, the formation of other bromine species is not occurring. Further, in the presence of amino acid (glycine) the absorbance of the peak at 394 nm due to bromine decreases (Figure 2) as a result of reaction between the amino acid and the generated bromine.
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  The amino acids glycine and alanine have two protonation sites, the amino group and the carboxylic group. The pK of amino group is more than 9.1 for these amino acids,22 while that of the carboxylic group is 2.35 for glycine and alanine. 22 Since the present study is carried out in acidic medium, all the amino groups are protonated and exists as -NH3+. Due to partial protonation of carboxylic acid group, both protonated, -COOH, and unprotonated, -COO–, species exists together. Assuming an average pK value of carboxylic acid group as 2.3, the concentrations of both protonated and unprotonated species of the amino acids were calculated. It was found that the concentration of protonated species increases while that of unprotonated species decreases as the hydrogen ion concentration increases (Table 2). The values of kobs for the oxidation of amino acids were also found to decrease as the hydrogen ion concentration decreases. The protonation of the oxidant species, HSO5–, does not occur under the present conditions and although generation of bromine is hydrogen ion dependent reaction, but it occurs with a high rate constant19,20 thus making it independent of hydrogen ion. Therefore, the hydrogen ion dependence can be explained satisfactorily by the protonation equilibria of the carboxylic group of the amino acid, which undergo partial protonation. It can be noticed that the values of kobs and the concentration of unprotonated amino acid decrease as the hydrogen ion concentration in the reaction media increases (Table 2). From the kinetic results and the calculated concentrations of the species of amino acid indicate that its unprotonated species are the reactive ones under the present reaction conditions.

  The reaction of hypohalous acids with amino acids at near neutral pH has been studied and the mechanism involves formation of short lived bromamines or bromamides. 15 These intermediates are formed as a result of an electrophilic attack of hypohalous acid on the lone pair of nitrogen of the amino group. Such a bromamine formation is possible when the lone pair of electron is available on the nitrogen. Since, in acidic solutions, the amino group is in the protonated form therefore, the formation of a bromamine type species is not feasible. Since, in acidic solutions, the amino group is in the protonated form formation of a bromamine is not feasible. Therefore, electrophilic attack of Br2 on the carboxylate anion23 of the amino acid would be more probable in acidic medium. The kinetic results also indicate that the unprotonated amino acid is the active species. Considering unprotonated amino acid anion as the active species, which reacts with the Br2 generated as a result of reaction between HSO5– and bromide ion, the mechanism can be represented by Scheme 2. The rate law according to Scheme 2 can be derived as follows: the rate of reaction is given by equation 11. The oxidation of bromide ion by Oxone® follows a simple second order rate law with the rate constant19,20 of 1.0 dm3 mol–1 s–1. Therefore, the [Br2] as a result of both the steps of Scheme 1 can be represented by equation 13. Substituting the [Complex] in terms of [Br2] and [RCOO–] from equation 7 of Scheme 2, we get equation 14. Then from the equilibrium 5 of Scheme 2, the total concentration of amino acid is expressed as in equation 15 where [RCOOH]t, [RCOOH]f and [RCOO–] are the concentration of total, free and anion of the amino acid, respectively. Solving for the [RCOO–], we get equation 16. Substituting for [RCOO–] in equation 14, we get the final rate law 17 for the reaction. The corresponding expression for the pseudo-first-order rate constant, kobs, is given by equation 18. The expression 18 can be verified by plotting kobs against [Br–] (Figure 3) and such plots for all the amino acids studied were found to be linear without any intercept in support of the proposed mechanism. Further, inversion of equation 18 results into equation 19, which can also be verified by plotting (1 / kobs) against [H+] and such plots for the two amino acids were also found to be linear (Figure 4).
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  The reaction, as shown in Scheme 2 is, initiated by the oxidation of bromide to bromine which oxidizes amino acid in a rate determining step. A moderate increase in the kobs values as the ionic strength increases indicate the reaction between two negative ions in a prior equilibrium and since the rate determining step involves a neutral Br2, which is not affected by the change in the ionic strength. The rate of the reaction decreases with decrease in the relative permittivity of the reaction mixture and the plot of log kobs against (1/D) was linear with a negative slope. The transition state formed between Br2 and the active amino acid species is more polar and it decomposes into ionic species. Further, the decrease in the relative permittivity of the reaction medium also shifts the equilibrium 5 towards the RCOOH24 of the amino acid thus diminishing the reactive nucleophile RCOO–. All these effects are reflected in a decrease in the rate of reaction as the relative permittivity decreases. The activation entropy was negative for all the two amino acids. The polar nature of the transition state leads to immobilization of solvent molecules around the charged ends, which results into the loss of entropy as noticed in the present study. The observed enthalpy of activation is of the order glycine > alanine and the enthalpy of formation of these amino acids is of the order25 alanine > glycine. The enthalpy of activation is the difference in bond energies of the starting compounds26 and the transition state including the strain. The amino acid with bulky group will have high ground state energy and the observed decrease in enthalpy of activation energy from glycine to alanine indicate that the transition state has the same energy for the amino acids studied.

   

  Conclusions

  Oxidation of glycine and alanine by Oxone® in the presence of bromide ions was found to proceed through formation of bromine. Electrophilic attack of the bromine on the carboxylate anion of the amino acid leads to the formation of an intermediate complex in a fast prior equilibrium. The complex thus formed, decomposes in a slow step. Since, the amino group of the amino acid is in the protonated form, formation a bromamine like intermediate is less feasible. The rate of reaction increase as the ionic strength increases due to the initiation of the reaction between unprotonated Oxone® anion, HSO5–, and bromide ions as both are negative ions. The effect of relative permittivity on the rate of the reaction supports the formation of a polar intermediate complex. Similarly, the entropy was negative for the two amino acids, also indicating the polar nature of the transition state leads to immobilization of solvent molecules around the charged ends which results into the loss of entropy as noticed in the present study. The nature of the transition state is the same for all the amino acids studied as noticed by the order of observed enthalpy of activation.

   

  Supplementary Information

  Supplementary data are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    A análise de tintas é realizada para verificar a ocorrência de falsificações em documentos. Nesse aspecto, métodos espectroscópicos são atrativos, pois preservam a integridade do documento. Neste trabalho, é proposto um método para a discriminação de tintas de canetas pretas entre tipos, marcas e modelos para a aplicação em documentos. Espectros de reflectância na região visível foram obtidos através do equipamento comparador espectral de vídeo VSC®6000 e da análise discriminante por mínimos quadrados parciais (PLS-DA). O método foi validado com dados independentes e um teste cego. O viés presente nos resultados foi corrigido para a detecção das amostras anômalas. Os modelos PLS-DA apresentaram baixos erros médios quadráticos de previsão (RMSEP) e permitiram a discriminação de todas as tintas de forma rápida, não destrutiva e eficiente. O método se mostrou exato e robusto com respeito a escrita de diferentes indivíduos e capaz de identificar o tipo, a marca e o modelo de caneta em um caso forense.

  

   

  
    The analysis of inks is performed to verify the occurrence of forgery in documents. Spectroscopic methods are attractive techniques for use in forensic document analysis as they, in most instances, preserve the integrity of the document. In this work, it is proposed a discrimination method of black pen inks of different types, brands and models for application in cursive handwriting. The visible reflectance spectra was obtained by the video spectral comparator VSC®6000 and discrimination analysis performed by partial least squares (PLS-DA). The method was validated with an independent test set and with a blind test. The bias in the results was corrected for the outlier identification. The PLS-DA models presented low root mean squared error of predictions (RMSEPs) and allowed a fast, non-destructive and an efficient discrimination of all pen inks evaluated. The method has proved to be accurate and robust regarding the handwriting of different individuals and capable of identifying the pen type, brand and pen model in a forensic case.
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  Introduction

  The analysis of inks, papers and their interactions, has been an important area of study in forensic science. Its main objective is to verify the adulterations in documents.1,2

  Usually, document analysis involves examination of pen ink entries in order to investigate if the same instrument was used in two or more releases in manuscripts, which are commonly related to changes or additions to a document in forensic cases.1-3 Furthermore, it should be pointed out that in the forensic analysis of documents the integrity of the collected evidence should be preserved whenever possible. Thus, a destructive analysis should be performed only if a non-destructive method is not available to solve the case. However, the variety of materials used in the ink manufacture, the possible contamination of the surface where the ink was applied and chemical changes in the document make this analysis a complex analytical problem.2-5

  Currently, the inks used in modern pens contain many substances to improve their properties. Generally, the most important component is the coloring material, which consists of dyes and pigments or a combination of them. Dyes are compounds that are solubilized in the ink vehicle. On the other hand, pigments are finely ground to produce multi-molecular granules insoluble in the vehicle. The vehicle composition affects the fluidity and the drying characteristics of the ink. It is usually composed of oils, solvents and resins. Other substances may be used to adjust the characteristics of the ink, such as driers, plasticizers, waxes, greases and surfactants (soaps and detergents).1-5

  Many works have been published aiming to propose and optimize methodologies for analyzing inks on documents, thus, a significant number of papers have been dedicated to studies involving the analysis of pen inks.6-11 Bell et al. 7 compared the results obtained by Raman, surface-enhanced Raman spectroscopy (SERS), video spectral comparator model 2000 (VSC®2000) and thin layer chromatography (TLC) for analysis of 26 different pen inks on questioned documents. The results demonstrated that in many cases the discrimination power of Raman was better than the standard visual technique using VSC®2000. Zieba-Palus and Kunicki investigated micro-Fourier transform infrared spectroscopy (micro-FTIR), Raman spectroscopy and X-Ray fluorescence (XRF) method to study the composition of inks for blue and black ballpoint and gel pens.8 The authors concluded that micro-FTIR provides satisfactory information for the analysis of the ink composition, but the most complete information is obtained only when the three techniques are combined. Causin et al. 9 tested the discriminant power of UV-Vis, FTIR spectroscopy and TLC techniques in forensic analysis of 33 inks from blue and black ballpoint pens of different models. The authors observed a different discriminant power for blue and black inks and argue that the best results are obtained through the joint observation of all the techniques evaluated. Wilson et al. 10 used different instrumental techniques (VSC®2000, liquid chromatography (LC), luminescence and infrared reflectance, TLC and gas chromatography with mass spectrometry detection (GC-MS)) for the discrimination of inks from gel and rollerball black pens. From the 29 inks studied, the authors showed that it was possible to differentiate 19 groups and propose a flow chart to determine whether an ink release in a document is compatible with a gel or a rollerball pen. Other techniques applying mass spectrometry were also proposed for document analysis.12-18 However, most of these techniques present a high cost, usually require the sampling/destruction of part of the document and are usually not available for all forensic laboratories.5

  The application of spectroscopy techniques associated with multivariate analysis has proved to be able to solve different problems in forensic science.19-29 However, there are only few studies applying chemometrics and spectroscopy for analysis of black ink pens.25,26 Therefore, despite the papers published in the literature, there is still a lack of studies that prove the efficiency of chemometric models, such as partial least squares for discriminant analysis (PLS-DA), to discriminate pen inks applying non-destructive measurements directly in writing documents.

  Thus, in order to propose a non-destructive method that fulfills the requirements for forensic applications, this study aims to propose a method that can be applied to discriminate a significant number of black inks from different types and brands of pens by the analysis of handwriting traces by visible reflectance measurements obtained with a video spectral comparator, VSC®6000 (Foster and Freeman) associated with PLS-DA.30 Furthermore, the correction of bias in PLS-DA results to enable outlier detection is described. The proposed method was applied to the discrimination of 55 different classes of black pen and validated by independent samples, blind testing as well as applied to a forensic casework.

   

  Experimental

  Description of the samples

  The set of inks studied was composed of 55 different classes of pens, all black color, divided into six different types, brands and models, according to the detailed description presented in Table 1. The samples were purchased at local markets in Brasília, Distrito Federal, Brazil. The pen brands and models were selected in order to cover the most used ones in Brazil, which consequently are the most used in document writings.

  
    

    [image: Table 1. List of the black ink pens studied according]

  

  The standard samples were produced on white paper (Chamex brand), A4 size and 75 g m-2. For each brand/model were used three pens from different pen batches in order to introduce in the model the variability inside the same brand. Furthermore, for each pen, three ink strokes were produced on the mentioned paper, simulating cursive handwriting. After a 24 hour drying period, all samples were placed in plastic bags and stored in a closet protected from light in order to avoid ink degradation.

  Video spectral comparison analysis

  The video spectral comparator model 6000 (VSC®6000) is an equipment employed as an auxiliary tool by experts in forensic investigations. The VSC®6000 consists of a workstation used for analysis of different types of documents (manuscripts, printed ballots, etc. ). It allows for the non-destructive visualization of security elements and the acquisition of reflectance measurements in both visible and shortwave near infrared region (400 to 1000 nm) at focused regions in the document. All reflectance measurements were obtained using VSC®6000, located at the document examination laboratory of the National Institute of Criminalistics, Brazilian Federal Police.

  After the optimization of the instrumental conditions, all spectra were acquired in the range of 400 to 1000 nm, with 1 nm resolution (600 variables), 11.8 times magnification, integration time at 300 ms and diaphragm at 60%. The blank spectra (background) (Figure 1a) were obtained using a clean paper surface without ink. The reflectance spectra were acquired along each writing line in different positions without repetition, such that all spectra included the contributions from both ink and paper. It is important to note that before the development of the discrimination models the reflectance spectra were converted to log(1/R) scale, where R is the reflectance. In order to perform the spectra acquisition, the sheets containing the standards or real documents were placed in the main unit of the VSC®6000 (Figure 1) and the area of interest (the region containing the ink) was selected.

  
    

    [image: Figure 1. Scheme of VSC®6000 spectra acquisition]

  

  For each ballpoint pen brands a total of eighty spectra were acquired, whereas for the other types of pen brands only a total of sixty spectra were acquired. The different numbers of spectral measurements performed for each type of pens were caused by instrumental limitations with the VSC®6000 located at the Document Analysis Laboratory of the National Institute of Criminalistics.

  Mass spectroscopy analysis

  The mass spectrometry measurements were performed using a time-of-flight LC-mass spectrometer system (LC/MS-TOF) (Agilent Technologies). Small samples of each standard sample were solubilized in 1% formic acid in methanol solution. The instrument calibration was carried out with the ink obtained from a blue ballpoint pen (Bic Cristal) with a known dye composition. The calibration signals were acquired in the positive mode for the ions 327 and 358 m/[image: Caracter 1].

  Development of the discrimination models

  The discrimination models were developed based on the PLS-DA.31-34 In PLS-DA modeling samples are discriminated into two distinct classes: (class 1) the samples belonging to the interest class and (class 0) the samples belonging to any other class, as illustrated in Figure 1d. PLS-DA is a regression method where the dependent variable is a vector (y) that can assume the values of 0 or 1 and indicates the class in which a sample belongs. It is expected that if a given sample i belongs to the interest class the value of yi will be approximately equal to 1; otherwise, if a given sample i does not belong to the interest class the value of yi will be approximately equal to zero. Therefore, the estimated values in y are approximations of 0 or 1 and a good discrimination is obtained when the distributions of the estimates of the samples belonging to classes 1 and 0 are not overlapped. It is important to note that in most applications of PLS-DA, a specific model is developed for each interest class.32-34

  In model development, the spectra acquired for each pen type, brand and model were randomly split into a calibration dataset, containing 60% of the spectra, and a validation dataset, containing 40% of the available spectra for each pen type/brand/model. Different pre-processing methods were tested, such as first derivative Savitzky-Golay, orthogonal signal correction (OSC), multiplicative scattering correction (MSC), and standard normal variate (SNV). The best pre-processing method and the number of latent variables used in the PLS-DA models were chosen based on the specificity (selectivity) values. Furthermore, in order to obtain models with small occurrence of discrimination errors and absence of overfitting the lowest root mean square error of cross validation (RMSECV), obtained by leave-one-out cross-validation and accounting the amount of explained variance, were also used as optimization parameters.

  Outlier detection

  Outliers can be defined as samples showing some type of different behavior when compared to the bulk of the data. Their occurrence in the calibration step usually impairs model development such that outlier identification and elimination is one of the most important steps in model development.35 Outlier detection methods have already been described in several papers.35-38 In this work, outlier identification was performed according to ASTM E1655-05 which is based on Hotelling's (T2) statistics, Q statistics and high Student residuals in estimated values (y), taking into account 95% confidence intervals.35

  It is important to note that the model performance and the identification of outliers in PLS-DA may be highly impaired by the occurrence of bias in the estimated results for the class values (estimates for y). Therefore, in order to prevent this influence in the outlier identification regarding high errors in y, the procedure described in ASTM E1655-05 was adapted for bias correction in PLS-DA results by the estimation of the mean bias in calibration samples for each class (biasclass0 and biasclass1) in the calibration samples, as described in equations 1 and 2, respectively:35

  
    [image: Equation 1]

  

  
    [image: Equation 2]

  

  where [image: Caracter 2]0,i, [image: Caracter 3]1,i, ycal1,i and ycal0,i are the estimated and the reference values for calibration sample i in classes 1 and 0, respectively, and n0 and n1 are the number of samples in each class. After the estimation of the average bias, the corrected RMSE for the calibration dataset (RMSECbias) can be estimated as:

  
    [image: Equation 3]

  

  where n is the number of all samples of the calibration set and VL the number of latent variables of the PLS-DA model. It is important to mention that when the class sample i is 0, the bias term of equation 3 is equal to biasclass0. Otherwise, if the sample belongs to class 1, biasclass1 is used in equation 3.

  Finally, samples presenting high prediction errors in y were identified by Student's t-test for residuals suggested by ASTM E-1655-05, which takes into account the correction for bias by equation 4.35

  
    [image: Equation 4]

  

  where ei, and hi are the residual and leverage estimated for the sample i, respectively, and the bias term is equal to biasclass0 or biasclass1 depending on the class of the sample i. Samples were considered outliers regarding high y residuals if the estimated value for ti was larger than the reference t-value of the t-Student distribution with n-VL-2 degrees of freedom and 99% of confidence.

  Model optimization related to outliers was accomplished according to the following procedure: (i) an initial calibration model was built with the pre-processed data and the outliers were removed from the calibration samples; (ii) the model was recalculated and the process of outlier identification and elimination was repeated; (iii) after these two exclusions, the third model was considered as optimized. After the calibration set optimization, the validation set was evaluated with the optimized calibration model. The identification of outliers in the validation samples was performed with the same criteria used in the calibrations samples.

  Software

  The spectral data were imported to Matlab® (version 7.12, R2011a) and both pre-processing and PLS-DA models were performed using the PLS Toolbox® (version 6.5) from Eigenvector Technologies.39 Bias correction and outlier identification were performed with routines written in Matlab® in our research laboratory.

  Discrimination of black pen inks between different types, brands and models

  In order to obtain the best discrimination results, the PLS-DA models were developed in three different stages. In the first one, pen inks were discriminated according to their types. Therefore, in this stage 6 PLS-DA models were developed to discriminate the types: erasable pen (1 brand), ballpoint (15 brands), felt-tip (5 brands), rollerball (6 brands), gel (9 brands) and fountain (1 brand).

  In the second stage, different brands of pens belonging to the same type were discriminated. Therefore, as presented in Table 1, 37 distinct PLS-DA models were developed.

  The discrimination of the pen inks by type and brands was performed considering just 37 of the 55 pen models listed in Table 1, since just one pen model of each brand was introduced in the discriminant analysis by type and brands. In this sense, when a ballpoint brand in Table 1 presents more than one model, just the first pen model was introduced in this discrimination by type and brands. Furthermore, the total number of spectra obtained for this dataset was: 60, 1200, 60, 540, 300 and 360 for erasable, ballpoint, fountain, gel, felt-tip and rollerball, respectively. Consequently, the dataset used for discrimination by type and brands was composed of 2520 spectra, which was split into 1680 and 840 calibration and validation spectra, respectively.

  The third stage was used to discriminate different pen models within the same brand. In this stage, only ballpoint pens were evaluated: 8 PLS-DA models were developed for Bic, 6 for Cis, 4 for Pilot and 4 for Uni-ball. In addition, for these models only 60 spectral measurements were obtained for each pen model, totaling 1320 spectral measurements in each PLS-DA model. The total number of spectra was split into 880 and 440 calibration and validation spectra, respectively.

  Classification regarding the type, brand and pen model was made based on the estimated class value obtained by the specific PLS-DA model and the discrimination thresholds were determined based on Bayesian statistics.33,40 If the estimated class value presents a value higher than the discrimination threshold of the specific PLS-DA model, the sample is classified as belonging to the discriminated class (type, brand and pen model). Otherwise, the sample belongs to another class.

  Validation of the discrimination models with a blind test

  A blind test was conducted in order to evaluate the effectiveness of discrimination in samples produced by different individuals and pens randomly chosen by each volunteer. In order to make the study bias free, the expected measurement outcomes as well as volunteer identities were not revealed to the analyst.

  Blind test analysis was divided into two steps. Firstly, six volunteers had at their disposal 15 brands of black ballpoint pen used in the model development and two pens were chosen by each volunteer. Afterwards, two sheets of blank paper were given to each volunteer. On the first sheet the volunteer's name, chosen pens and the sequence of pen releases were registered. On the second sheet, each non-identified volunteer only wrote the word "DOCUMENT" using each chosen pen. At the end, the volunteer gave the two sheets to the blind test coordinator. The first sheet of paper was stored for subsequent conference and the second one was coded and sent for analysis.

  In a second step, for each encoded sheet twenty spectral measurements were acquired from each word written by the volunteers and the subsequent PLS-DA analysis was performed.

  Application of the proposed method in a real forensic case

  The method was applied to elucidate a real case in the Document Analysis Laboratory of the Brazilian National Institute of Criminalistics. Six pages from a questioned document were analyzed with the proposed method. The questioned document presented a contract containing signatures in different pages made with black ink pen. The signatures were questioned about their authenticity. For each document page, VSC®6000 background spectrum was obtained on a clean paper surface (without ink) and twenty spectra were acquired on different portions of each signature. Afterwards, these spectra were analyzed with all PLS-DA models previously developed in order to identify the type and brand of the pens used in each signature. The dispersion of the estimated class values obtained on two sections of a same page as well as on sections coming from different pages were analyzed in the PLS-DA models in order to conclude if the ink present in the signatures belonged to the same pen type and brand. The brand/model of the pen used in a specific page was identified when the estimated class values obtained were above of the discrimination threshold at the PLS-DA model for this brand/model. The similarity or dissimilarity of the ink in a document was determined after the identification of the pen brand/model by the agreement or disagreement of the estimated class values obtained in the pages analyzed, respectively.

   

  Results and Discussion

  Spectroscopy data

  Figure 2a presents the ink spectra for all calibration samples, before and after applying the pre-processing methods (Savitzsky-Golay using a second-order polynomial and an eleven point window and mean centering) obtained in the range of 400-1000 nm. It may be observed that different spectral profiles are present in the data, which indicate that this spectral region presents useful information for ink discrimination. However, considering that Figure 2a presents 33 distinct classes (brands and pen models) of ballpoint pen and 22 classes of other types of pens, it is important to notice that the visual analysis by itself does not allow the safe discrimination between the different types and brands of pen. In Figure 2b, the spectra for the 33 ballpoint pen brands studied are presented. In this case, it is possible to observe that some of the classes present a very similar spectroscopic profile.

  
    

    [image: Figure 2. Absorbance spectra before applying the pre-processing methods]

  

  In both cases, it may be observed that the ink spectra present systematic baseline variation. In order to correct this effect, several types of pre-processing have been tested. The best results were obtained using a combination of orthogonal signal correction (OSC), first spectra derivative (Savitzsky-Golay using a second-order polynomial and an eleven point window) and mean centering.

  Discrimination of black ink pens by type

  In all PLS-DA models, the entire spectra were used, since interval PLS models did not show any significant improvements in the results. Table 2 presents the results of outlier identification tests for both calibration and validation sets as well as the values of root mean square error of calibration and of prediction (RMSEC and RMSEP, respectively) for discrimination according to pen type. It is important to note that the total number of outliers presented in Table 2 considers all the samples excluded during the optimization process and these samples are distributed in all classes (i.e. , for the discrimination of the erasable pen type 37 samples were excluded in all 840 validation samples). Therefore, it may be observed that an acceptable number of outliers were excluded in both calibration and validation steps.
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  It can also be observed in Table 2 that low prediction errors were obtained and the models did not present any overfitting, since the RMSEC values did not show a significant difference in relation to the RMSEP values. The values of RMSEP, after the bias correction, varied between 0.061 and 0.129. In addition, comparison of the RMSEC and RMSEP values before and after bias correction shows that the largest bias occurred for the discrimination of the fountain pen type, where a bias in the discriminated class (fountain samples) of 0.310 was observed. This value was obtained by subtracting the mean estimated class value from the fountain class in the calibration samples from its expected class value (1 – 0.690).

  Figure 3a shows the distribution of class values estimated for the calibration and validation sets used in the discrimination of erasable pens related to all other types. Figure 3b shows the same situation in the case of ballpoint pen type. In both cases, all samples present a clear separation according to their characteristics, and no misclassification was observed. All the remaining pen types presented a similar separation as the one observed in Figure 3.

  
    

    [image: Figure 3. Estimated calibration and validation]

  

  Discrimination of black inks pens of different brands within the same pen type

  Table 3 presents RMSEC and RMSEP values obtained with the optimized PLS-DA models for the discrimination of the 15 ballpoint pen brands under study. The models presented low prediction errors, which enabled the correct discrimination of all pen brands studied. The number of outliers indentified in both calibration and validation samples were relatively low and a small bias was observed in the results. It is important to note that even if the outliers in the validation set were not excluded, the discrimination errors are very low. Table 3 shows that the largest discrimination error in the validation set before the exclusion of outliers was 1.25%, which proves the high accuracy of the method.
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  Figure 4 illustrates the calibration and validation dataset distribution of estimated class values for one of the discriminated brands corresponding to the ballpoint, gel, felt-tip and rollerball pen types. A clear separation in all situations can be observed. A comparison of Figures 4a-4d allows the bias effect visualization in the estimated results. A higher bias may be observed in Figure 4a, since the mean of all calibration samples of the brand b-2.1 is 0.855 (bias = 0.145). For the other plots in Figure 4, an average value closer to 1 is observed. However, it is important to note that the bias in the results in Figure 4a was not sufficient to cause any misclassification. The utilization of discrimination thresholds allows the visualization of the classification efficiency of PLS-DA models for the black ink pens analyzed with VSC®6000. For all other brands, similar results were achieved, as it can be observed by the prediction errors, bias and discrimination thresholds presented in Tables 3 and 4.
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  Discrimination of black ink pens of different models in the same brand

  Figure 5a shows the spectroscopy measurements in absorbance scale obtained for all different pen models evaluated for the same brand b-2 (Bic). It can be observed, by simple visual inspection, that all pens present a very similar spectral profile. Figure 5b shows the overlay of the mass spectra obtained for the pen models Bic Cristal (b-2.1) and Atlantis (b-2.6), which reveals that there is only a small difference in mass signals relative to the dyes present in the ink pens of the same brand studied. As presented in Figure 5b, the mass spectra show differences in the chemical composition of ink pens of same brand in different models. Similar results were observed for other brands and pens models studied.

  
    

    [image: Figure 5. (a) Absorbance spectra of all eight]

  

  Figures 5c and 5d present the calibration and validation PLS-DA dispersion graphics for the discrimination of pen models Bic Cristal (b-2.1) and Atlantis (b-2.6), respectively. A good separation is observed demonstrating that the proposed method is able to discriminate pen models within the same brand, which is a challenging problem in forensic science. The same results were obtained for the other four brands tested.

  Most of the papers on PLS-DA present the sensitivity and selectivity values in order to express the degree of discrimination between the classes. In this paper, for all discrimination models between different pen types, brands and models the sensitivity and selectivity were equal to their maximum values (1.00) after the exclusion of the outliers in the validation set, which confirm the high accuracy of the proposed method.

  Neumann and Margot discuss an important aspect regarding discrimination between different brands that should be pointed out. When two brands or pen models share the same ink or one brand was marketed using a different ink sources, the results of the proposed method may be significantly impaired and the discrimination between brands or pen models will be not possible in these cases. However, the very good discrimination results obtained with all brands and pen models shows that this problem was not observed in the Brazilian brands evaluated in this work.5

  Blind test

  The developed and validated PLS-DA models for all pens were used to analyze a set of samples in a blind test, as described in the video spectral comparison analysis section.

  Figure 6 presents the results obtained for the discrimination of ballpoint brand b-2, model b-2.1. Initially, all pens used in the blind test were analyzed in the six pen type discrimination PLS-DA models. Figure 6a shows that all pens were correctly identified as belonging to the ballpoint pen type. Afterwards, samples of a specific pen were analyzed in all 15 different PLS-DA models for ballpoint pens. Figure 6b shows the results obtained for one of the fifteen cases evaluated, indicating that the pen chosen by the volunteer belongs to the brand b-2. Finally, samples of this specific pen were analyzed with the 8 PLS-DA models to identify the pen model. Figure 6b shows that in this case the pen used by the volunteer belongs to the model b-2.1 (Bic Cristal). In general, it was observed that all samples were classified as belonging to their real classes. All cases evaluated in the blind test resulted in 100% of correct identification of the pen brands chosen by the volunteers. This result indicates that the models are free of biased judgments by the analyst, and also, they are robust regarding the handwriting of different individuals and suitable to be applied to unknown samples, such as those in actual forensic cases.

  
    

    [image: Figure 6. Estimated class values for the blind]

  

  Application of the proposed method in a real forensic case

  Figure 7 shows the results obtained by the application of the proposed method to the analysis of four pages from a questioned document, where the signatures of each page were questioned about their authenticity. Figure 7a presents uncharacterized pieces of the analyzed sectors on three sheets of the questioned document. In Figure 7b, the absorbance spectra of all four pages before the application of the pre-processing methods are presented. They show a very similar spectral profile, indicating the existence of similarities in the chemical composition of inks used in each page.
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  Although the estimated class values for pen type identification have presented a larger bias than the one observed in the calibration samples, Figure 7c shows that the samples of all pages are compatible with a ballpoint pen. As expected, this result agrees with the classical document analysis performed by a forensic expert. The larger bias is attributed to differences between the paper of the standard samples used for development of the PLS-DA models and the paper in the real samples.

  Figure 7d presents the results obtained with the PLS-DA model for discrimination of the ballpoint pen brand b-10 (Pilot), where the samples of all pages were identified as belonging to this brand. Furthermore, it was observed that similar estimated class values were observed for the samples of all pages. The analysis in the PLS-DA models for discrimination between the specific pen models inside the brand b-10 indicated that all pages were written with an ink compatible with the brand Pilot and model BP-S fine (b-10.1). To the criminal expert, these results indicate that the analyzed traces of all pages on the questioned document may have been written with the same pen type, brand and model, which lead us to conclude that an adulteration in the questioned signatures is highly unlikely.

   

  Conclusions

  The results showed that PLS-DA presented a high discrimination power when associated with the spectra obtained by the VSC®6000. The method enables the correct discrimination of black inks of different pen types, brands and pen models. The results of PLS-DA indicate a great potential for the identification inks in questioned documents, since it enables a fast and nondestructive analysis of handwritten ink strokes without any sample preparation.

  The validation of the method was performed with an independent test set and a blind test, where 100% correct identification was achieved, thus, proving the accuracy of the method and its robustness regarding the handwriting texts produced by different individuals.

  The analysis of a real forensic case was accomplished. The results indicate that the ink present in all questioned pages was compatible with a ballpoint pen of the brand Pilot and model BP-S fine. The classical document analysis performed by a forensic expert also confirms the similarity of the writings in all pages, which increases the confidence of the results obtained with the proposed method in real forensic cases. However, it is important to note that the classical visual forensic analysis only enables the identification of the pen type and that the inks present high visual similarity.
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    Espectrometria de massas ambiente com ionização por sonic-spray (EASI-MS), uma técnica de espectrometria de massas ambiente recém desenvolvida, foi diretamente utilizada para a obtenção do perfil de triacilgliceróis (TAG), diacilgliceróis (DAG) e ácidos graxos livres (FFA) em diferentes tipos de presuntos crus curados, após impressão térmica. A técnica é simples, rápida e confiável, além de não requerer nenhum tipo de hidrólise, derivatização ou separação cromatográfica, o que representa vantagens sobre outros procedimentos analíticos normalmente utilizados para este propósito.

  

   

  
    Easy ambient sonic-spray ionization mass spectrometry (EASI-MS), a recently developed ambient mass spectrometry technique, was used for the direct analysis of triacylglycerols (TAG), diacylglycerols (DAG) and free fatty acids (FFA) in different types of dry-cured ham, after thermal imprinting. The technique is simple, fast and reliable, not requiring hydrolysis, derivatization or chromatographic separation, which represents advantages over other analytical procedures usually used for this purpose.
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  Introduction

  Dry-cured hams are very appreciated by consumers due their superior sensory properties and their reputation as traditional products. At present, traditional technologies are used to produce high quality dry-meat products with attractive sensory characteristics, such as color, aroma and texture, and high nutritional value due to very high protein content. The drying and long ripening periods are processes that can produce not only typical sensory characteristics and microbiological stability, but also changes in the composition and nutritional value of proteins and lipids. 1

  The quality of dry-cured hams is closely related to the lipids of raw material and the complex biochemical reactions that take place during the curing process. Lipids, mainly triacylglycerols (TAG) located in muscle and adipose tissues and phospholipids (PL) located in membrane of muscular cells, are largely involved in sensory attributes of the final dry products, since during processing they undergo lipolysis and oxidation, which generates numerous volatile compounds. 2,3 In southern European countries, the production processes include the standard steps of salting, drying and ripening. There are, however, large differences in the time, temperature and humidity of the different steps, according to the processes used for each product in each country. These large variations in processing conditions can affect the kinetics of lipolysis and oxidation reactions. 4

  Several analytical approaches have been proposed based on the monitoring of characteristic properties of the fats, such as melting and slip point, iodine value and fatty acids profiles. More selective parameters, such as the composition of TAG are also being increasingly used for ham authentication based on the breeding and feeding conditions using either gas chromatography (GC) with flame ionization detection or high performance liquid chromatography (HPLC) coupled to diode-array, which require laborious and time consuming procedures. 5,6

  Recently, we have introduced thermal imprinting easy ambient sonic-spray ionization mass spectrometry (TI-EASI-MS) for direct analysis of TAG profiles in meats and fats in such way that no previous sample preparation, derivatization or chromatographic separation are required. 7 EASI-MS approach put together the immediacy and simplicity for the analysis. 8 The technique belongs to a new group of desorption/ionization techniques known collectively as ambient mass spectrometry,9,10 with the benefits of a very simple fast extraction step performed via thermal imprinting directly onto a paper surface, with minimal use of solvent. The EASI-MS technique has shown great efficiency in the analysis of TAG present in vegetables oils;11-15 PL and TAG in commercial lecithins;16 in the ratio PL/TAG in liver tissue17,18 as well as in the monitoring of TAG oxidation in oils. 19

  In this work a set of three different types of Iberian pig ham (a high value dry-cured product) known as Cebo, Recebo and Bellota and two different types of white pig ham Serrano and Parma, whose pigs greatly differ with respect to the breed and diet, were selected as a case of study and analyzed by both EASI(+)-MS and EASI(–)-MS after a simple process of thermal imprinting onto a paper surface. TAG, diacylglycerol (DAG) and free fatty acid (FFA) profiles in dry-cured hams were easily and quickly obtained by TI-EASI-MS.

   

  Experimental

  Chemicals and samples

  HPLC-grade methanol and chloroform were purchased from Merck SA (Rio de Janeiro, Brazil) and used without further purification.

  Five dry-cured ham samples were used for lipid profile evaluation, one sample of each ham type. Cebo, Recebo, Bellota and Serrano (Table 1; names associated with designation of origin, D. O. ) hams were obtained from a local market in Spain, whereas Parma (name associated with D. O. ) ham was from Italy. All samples were sliced (± 1.5 mm thickness), vacuum-packed (transparent packing) and were then stored at 4 ºC until analysis.

  For analysis only the three slices in the middle were used (the first and last slices were discarded since they were susceptible to lipid light oxidation). From the muscular fraction of each slice we took three standard pieces (1 cm × 1 cm × 1.5 mm) for TI-EASI-MS analysis. The remaining muscular fraction was utilized for lipid extraction.

  
    

    [image: Table 1. Dry-cured ham characteristics]

  

  Gas chromatography

  To characterize the fatty acid (FA) profile, which helps the TAG assignment, the lipids were extracted from 2 g of muscular ham sample, according to Bligh and Dyer,20 and esterified by the method of Hartman and Lago. 21 The fatty acid methyl esters (FAME) were separated according to AOCS standard method Ce 2-66, in a capillary gas chromatograph (CGC Agilent 6850 Series GC System, Santa Clara, CA) with a DB-23 Agilent capillary column (50% cyanopropyl-methylpolysiloxane, 60 m × 0.25 mm × 0.25 mm film). Oven temperature was 110 ºC for 5 min, 110-215 ºC (5 ºC min-1), 215 ºC for 24 min; flame ionization detector (FID) detector temperature: 280 ºC; injector temperature 250 ºC; carrier gas: helium; split ratio 1:50; injection volume: 1 µL. 22 The fatty acid (FA) identification was determined by comparing peak retention times with the respective standards using Supelco 37 Component FAME Mix from Supelco (Bellefonte, USA). All analyses were done 
    in triplicate.

  Thermal imprinting

  A piece (1 cm × 1 cm × 1.5 mm, as already described) of ham was placed on a brown Kraft paper surface. Four drops of a MeOH-CHCl3 solution (2:1 v/v) were dripped on the meat surface, and a homemade heater containing a 150 W halogen bulb was directed to the sample for 90 s. 7 The sample was then removed and its TAG content imprinted on the paper surface was analyzed by EASI-MS.

  Easy ambient sonic-spray ionization mass spectrometry

  The TI-EASI-MS data was collected both in the positive and negative ion modes using a single quadrupole mass spectrometer LCMS-2010EV (Shimadzu, Japan) equipped with a homemade EASI source described in detail elsewhere. 8 To produce the sonic-spray, pure methanol at 20 µL min-1 and N2 nebulizing gas flow of 3 L min-1 were used. Methanol containing 1% of ammonium hydroxide was used in the negative ion mode. The paper-entrance angle of ca. 30º and the distance from the paper to the cone of 2 mm were used. Mass spectra were accumulated over 60 s and scanned over the m/[image: Caracter 1] 500-1000 range or m/[image: Caracter 2] 100-500 range in the positive or negative ion modes, respectively.

  Statistical analysis

  A statistical analysis of the experiment results was performed on the Microsoft Office Excel program. The methodology for EASI-MS analyses was carried out using three different pieces of each ham, in which one of them was thermally imprinted on paper in triplicate, and analyzed by EASI(+/–)-MS in triplicate, resulting in a total of twenty seven measurements for each ham in both positive and negative ion modes. The respective extracts were also analyzed by GC in triplicate resulting in nine measurements for each ham; the results were expressed as means ± standard deviations (SD).

   

  Results and Discussion

  The lipid characteristics in the muscle and adipose tissues are strongly related to the rearing systems of the pigs and can vary, both quantitatively and qualitatively, according to a range of factors, including the breed, age, sex and diet. 1,2,23 For example, Bellota D. O. (Iberian acorn-fed crude ham) is from pigs fattened in outdoor-based systems with grass, legumes and acorns, Cebo D. O. (Iberian cereal-fed crude ham) is from pigs fattened in indoor-based systems with compound feed and Recebo D. O. (Iberian mix-fed crude ham) is from pigs fattened using both systems; Serrano D. O. (Spanish dry-cured ham) is from white pigs, raised on compound feed farms, produced on the mountains and Parma D. O. (Italian dry-cured ham) is from white pigs, with a diet based on a blend of grains, produced by a regional consortium (Table 1). These differences in the breed and diet produce different sensorial and physicochemical characteristics in the hams. 24-26

  Table 2 shows the FA composition of five different types of ham samples determined by GC. The FA composition obtained was characteristic of pork meats with palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1) and linoleic acid (C18:2) as the main components. Regarding the FA composition, Bellota ham sample is shown to contain much higher amounts of oleic acid (ca. 60%) than the other hams (44-48%), as well as lower amounts of palmitic, stearic and linoleic acids. As previously mentioned, these differences are strongly related to the rearing systems of the pigs.
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  Figure 1 shows representative TI-EASI(–)-MS profile from Cebo and Bellota hams. The dominant free fatty acids (FFA) detected in the form of [FFA – H]– were oleic (C18:1, m/[image: Caracter 3] 281) and linoleic (C18:2, m/[image: Caracter 4] 279) acids, as well as palmitic (C16:0, m/[image: Caracter 5] 255) and palmitoleic (C16:1, m/[image: Caracter 6] 253) acids. When Cebo ham (Figure 1a) is compared to Bellota ham (Figure 1b), the m/[image: Caracter 7] 281/279 and m/[image: Caracter 8] 281/255 ratio increase, thereby confirming that the content of oleic acid increases while the content of palmitic and linoleic acids consequently decreases. This trend is also the same as that predicted by gas chromatography, in the analysis of the total FA (Table 2).

  
    

    [image: Figure 1. TI-EASI(–)-MS of (a) Cebo and (b) Bellota hams]

  

  More recently, the attention has been focused on TAG composition because it represents the chemical form in which the fatty acids are in tissues. The main TAG in pig fat are palmitoyl-dioleoyl-glycerol (POO, 32-36%), palmitoyl-dioleoyl-rac-glycerol (POO, 32-36%), palmitoyl-oleoyl-stearoyl-rac-glycerol (POS, 19-28%), palmitoyl-oleoyl-linoleoyl-rac-glycerol (POL, 5-8%), trioleoyl-glycerol (OOO, 4-10%) and dipalmitoyl-oleoyl-rac-glycerol (PPO, 3-4%). TAG composition is more markedly influenced by the feeding and production system than the FA composition. So TAG composition is more efficient for distinguishing hams according to the rearing conditions. 27 Figure 2 shows representative TI-EASI(+)-MS profiles from five different types of ham samples. The spectra of all the samples show similar profile, with two clusters of peaks in the m/[image: Caracter 9] range of 600-650 and 850-950. The ions observed in the m/[image: Caracter 10] 850-950 range correspond to TAG, which were detected mainly in the form of sodium adducts [TAG + Na]+. Potassium adducts [TAG + K]+ were also detected with minor abundances. The most abundant TAG was found to be composed of the major FA determined by GC (Table 2). The main [TAG + Na]+ ions are assigned as follows: m/[image: Caracter 11] 853 [dipalmitoyl-linoleoyl-rac-glycerol, PPL]; m/[image: Caracter 12] 855 [PPO]; m/[image: Caracter 13] 877 [palmitoyl-dilinoleoyl-rac-glycerol, PLL]; m/[image: Caracter 14] 879 [POL]; m/[image: Caracter 15] 881 [POO]; m/[image: Caracter 16] 883 [POS]; m/[image: Caracter 17] 905 [dioleoyl-linoleoyl-rac-glycerol, OOL or dilinoleoyl-stearoyl-rac-glycerol, LLS]; m/[image: Caracter 18] 907 [OOO or oleoyl-linoleoyl-stearoyl-rac-glycerol, OLS]; and m/[image: Caracter 19] 909 [dioleoyl-stearoyl-rac-glycerol, OOS or distearoyl-linoleoyl-rac-glycerol, SSL]. Although the TAG profiles obtained for different types of hams are quite similar by visual inspection, the comparison of mass spectra from Bellota (Figure 2e) with the other types of ham (Figures 2a-d) reveals higher relative abundance for the m/[image: Caracter 20] 907 ion [OOO]. This trend has also been observed using direct infusion electrospray mass spectrometry. 6 When the role profiles of TAG are sorted out by composition (Table 3), the major presence of oleic acid for the Bellota ham is also clear.
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  During ham ripening, lipolysis is one of the most common reactions and the formation of DAG molecules is very important to release FFA, which are essential to formation of ham flavor. In this way the presence of higher amounts of DAG ions can be related with high ripening time of ham. The ions observed in the m/[image: Caracter 21] 600-650 range correspond to DAG, which were detected mainly in the form of sodium adducts [DAG + Na]+ as ions of m/[image: Caracter 22] 617 [palmitoyl-oleoyl-rac-glycerol PO, C34:1] and of m/[image: Caracter 23] 643 [dioleoyl-rac-glycerol, OO or stearoyl-oleoyl-rac-glycerol SL, C36:2]. Parma and Serrano hams have shorter ripening times (Table 1) hence exhibit ions of m/[image: Caracter 24] 617 and 643 with much lower abundances (Figures 2a and 2b). As for ripening, therefore, Cebo, Recebo and Bellota hams display similar levels of overall relative abundances of the DAG ions of m/[image: Caracter 25] 643 and 617 when compared to the TAG ions in the m/[image: Caracter 26] 850-950 range but again, due to the very oleic acid-rich unique composition of the Bellota ham, its TI-EASI-MS shows a characteristic signature (Figure 2e) due to the higher abundance of the ion of m/[image: Caracter 27] 643 (OO) as compared to the ion of m/[image: Caracter 28] 617 (PO).

  In a promising way, the TAG, DAG and FFA profiles can give us information from both the diet of pigs, by the TAG composition, as well as the curing time, through the presence of DAG provided from the TAG hydrolysis. This method could therefore be used to monitor the lipid hydrolysis during ripening, as well as be directly used as a quality control parameter related to lipid markers of ham characterization and ripening period.

   

  Conclusions

  The application of TI-EASI-MS from dry-cured ham intramuscular fat allows simple, fast and reliable TAG, DAG and FFA fingerprinting. With the proposed method, sample handling is minimal and chromatographic separation is not necessary, which represents advantages over other analytical procedures usually used for this purpose. The technique seems therefore quite promising as an effective tool for the analysis of ham and similar products providing characterization, origin, process and quality control.
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    Material particulado atmosférico (PM) é um poluente composto por diversos metais, que quando acumulados no sistema respiratório, podem causar sérios problemas de saúde. Os métodos IO-3.1 (extração de metais em PM) e IO-3.4 [determinação de metais por espectrometria de emissão atômica por plasma acoplado indutivamente (ICP-OES)] são os recomendados pela Agência de Proteção Ambiental dos Estados Unidos. Com o objetivo de avaliar o desempenho do método desenvolvido em nosso laboratório para extração de metais em PM utilizando HNO3 p.a. bidestilado e determinação por ICP-OES de Al, Ca, Cd, Cu, Cr, Fe, K, Mg, Mn, Na, Ni, Pb, Ti, V e Zn, a validação foi executada de acordo com os critérios estabelecidos pelo INMETRO, determinando parâmetros: seletividade, linearidade, precisão, exatidão, robustez, limites de detecção e quantificação, assim como a comparação da eficiência e precisão com o método IO-3.1. Resultados mostraram que o nosso método atendeu todos critérios de validação estabelecidos pelo INMETRO. Além disso, mostrou-se ser equivalente ao método IO-3.1.

  

   

  
    Atmospheric particulate matter (PM) is a pollutant composed by various metals, that when accumulated in the respiratory system may cause serious health problems. Methods IO-3.1 (metal extraction in PM) and IO-3.4 [metal determination by inductively coupled plasma optical emission spectrometry (ICP-OES)] are the recommended by the United State Environmental Protection Agency. With the intent to evaluate the performance of the method developed in our laboratory for the extraction of metal in PM with HNO3 p.a. bidistilled and determination by ICP-OES of Al, Ca, Cd, Cu, Cr, Fe, K, Mg, Mn, Na, Ni, Pb, Ti, V and Zn, validation was executed according to the criteria established by the INMETRO determining the parameters: selectivity, linearity, precision, accuracy, robustness, limits of detection and quantification, as well as the comparison of the efficiency and precision with IO-3.1 method. The results show that our method meets all validation criteria established by the INMETRO; furthermore, it shows to be equivalent to IO-3.1 method.

    Keywords: validation method, PM2.5, ICP-OES, atmospheric chemistry

  

   

   

  Introduction

  Atmospheric particulate matter (PM) pollutant is regulated in Brazil by the National Environment Consul through Resolution No 03/1990. 1 This resolution establishes the limit of daily exposure (average of 24 h) and continued exposure (annual average) to particulate matter in suspension (PTS) and inhalable particulate matter (PM10). However, no limits were established for fine fraction (PM2.5), therefore, studies are indispensable to create an inventory.

  Since the eighties, researchers2-5 had already noticed the great importance of studying toxic atmospheric pollutants, specially the determination of metals present in the particulate matter due to its direct relation with human health and the environment. Even in small concentrations, elements present in PM such as Zn, Cd, Cr, Co, Al, Fe, Mn, Ni, Pb and Cu present toxicological effects when bonded to short carbon atom chains or when they are present in their cation form and may form complexes that have a negative influence on the biological functions, affecting the normal operation of the tissues in the human body. These metals have non degradable characteristics; therefore accumulate easily in our organisms and ecosystems.

  Besides the relation of metals present in particulate matter with health issues, it is possible to determine their connection with their source of origin, for example: natural, with the re-suspension of soil and marine aerosols and anthropogenic. Moreover, when receptor models are used, it is possible to identify if they are originated from fossil fuels operated by thermoelectric plants, steel mills,2 or vehicles6 which contribute to the degradation of air quality in a certain region. 7,8

  The determination of metal concentration in atmospheric particulate matter allows governments (federal, state and local) to execute control actions to reduce the impacts caused on human health. The advent of inductively coupled plasma (ICP) spectroscopy improved the performance and velocity of metal analysis in various ICP applications, being able to quantify metals on levels that are required by environmental laws. 9

  Brazil still has not defined the limit for metal concentration present in the air. Nevertheless, some countries already monitor and regulate metals present in particulate matter. Nonetheless, numerous methodologies are found in literature for the characterization of metals in PM. 6-10 The most used methodologies are the recommended by the United State Environmental Protect Agency 
    (U.S. EPA): method IO-3.111 (extraction of metals in PM) and IO-3.49 [metal determination by inductively coupled plasma optical emission spectrometry (ICP-OES)]. However, utilization of different analytical methodologies requires validation to ensure the efficiency of the method.

  More and more laboratories seek to obtain analytical results that can be compared traceable and trusted otherwise they may lead to disastrous decisions and irreparable financial damage. 12 Validation aims to demonstrate that an analytical method, in the conditions which it regularly takes place, possess the necessary characteristics for the obtainment of reliable and consistent results and contains the quality required for the application for which it is intended. 13,14 According to National Health Surveillance Agency (ANVISA),15 validation should ensure, through experimental studies, that the methodology meets the requirements of analytical applications, ensuring the reliability of the results.

  Standardized methods, in general, have the following parameters pre-determined: selectivity, linearity, working range, precision, accuracy, recovery, robustness, limits of detection and quantification; validation execution is not required. However, analytical methods developed by the laboratory, methods not normalized, standard methods used outside of the scope for which it was designed or even extended or modified methods in relation to the standard do not have the parameters mentioned above. Therefore validation is required to ensure that the performance characteristics of the method meet the requirements for analytical operations intended, generating reliable and interpretable information about the sample. 12,13

  As well as the guides/resolutions available by national agencies for the validation of analytical methods, there are some defined/elaborated by international organizations such as International Conference on Harmonization (ICH)16 for pharmaceutical appliances, the International Union of Pure and Applied Chemistry (IUPAC)17 which registered a technical document that has been used by ISO18 through the international norm ISO/IEC 17025 which is a specific norm for testing and calibration laboratories, and the United States Food and Drug Administration (US-FDA)19 for foods and pharmacies in the United States. However, such agencies13,15,16,18,19 and others require the validation of analytical methods item as a fundamental requirement for quality certification and demonstration of technical competence of the laboratory. 12

  The validation of a method is a continuous process that begins in the planning of the analytical strategy and continues throughout all its development. Thus, it is a long process and requires a large number of tests and statistical calculations resulting in a high cost analysis. Therefore, it is necessary to select the parameters that have a greater impact on the quality of the results and the speed in which they are obtained. For that reason, it is not always economically relevant to conduct all the validation testes suggested in the guides found in literature. 20-23 The objective of this study was to validate a methodology developed in our lab in order to determine metals in particulate matter by ICP-OES.

   

  Experimental

  It is possible to find in literature various methodologies for the determination of metals in particulate matter. 6,7,9,10 To evaluate the performance of the analytic procedure developed in our laboratory by Gioda et al. 24 to determine metals by ICP-OES, we selected some metals from different sources: Al, Fe, Ti, Mn, Mg (soil), Na, Ca (marine aerosol), Cd, Cu, Cr, Zn (industrial), K (biomass burning), Ni, Pb and V (vehicular). The metals were extracted from the PM with HNO3 p.a. bidistilled and the validation was executed according to the criteria established by INMETRO. 13

  Materials

  Certified reference material (CRM) of urban particulate matter (SRM 1648a) (NIST, Gaithersburg, MD, USA), glass fiber filter: Model AP-40 810-50 from Millipore, polypropene tubes of 50, 15 and 10 mL (± 0.1 mL) from Sarstedt, micro and automatic macropipettes from Kacil (± 1%), dispenser Distrivar (± 5%), beaker and volumetric flask were used in the sampling, extraction and analysis procedures.

  Reagents

  The reagents used were: multielement standard solution Certipur Multielement Standard IV, 1000 mg L–1 by Merck (Ag, Al, B, Ba, Bi, Ca, Cd, Co, Cr, Fe, Ga, K, Li, Mn, Ni, Sr, Na, Cu, In, Mg, Pb, Tl, Zn), and standard monoelementares of V and Ti 1000 mg L–1 Titrisol® by Merck, bidistilled nitric acid p.a. (16.8 mol L–1 HNO3) by Merck, hydrochloric acid p.a. (12.0 mol L–1 HCl) by Merck.

  Equipments

  An ICP-OES Perkin Elmer, USA, model: Optima DV 7300, High Volume Sampler (AGV), Energética S.A, BRA, model: AGVMP252, analytical balance Scientech Model: SA 2.0 (± 0.0001 g), heating block Fisaton and centrifuge Fanem LTDA (150 µA) were used.

  Sampling

  Fine particle matter (PM2.5) samples were collected in downtown of the city of Rio de Janeiro (22º54'26.67''/43º11'43.13'') during 2011. The samplings were performed in 24 h periods, every six days, using high volume sampler and glass fiber filters, according to NBR 13412 method. An average flow of 1.16 m3 min–1 was used. The PM2.5 concentrations ranged from 12 to 40 µg m–3, with an average of 25 ± 11 µg m–3. The PM2.5 mass collected in the filters ranged from 0.02 to 0.06 g.

  Experimental procedure

  The analytical procedure can be divided into two stages: acid extraction with bidistilled concentrated nitric acid and determination by ICP-OES of metals in atmospheric particulate matter. The careful execution of each step determines the quality of the results obtained in the process as a whole.

  Metal extraction from atmospheric particulate matter

  To accomplish the extraction of metals, 7 blank filters and 7 PM2.5 samples were used. An aliquot (9 cm2, m ca. 0.08 g) of each filter was cut with Teflon scissors, placed inside polypropene tubes and added 3.0 mL of HNO3 (16.8 mol L–1) bidistilled. These tubes were closed and heated for 2 h at 95 ± 5 ºC. After that, the tubes were left to cool down to room temperature and were diluted to 25.0 mL with MilliQ water. Subsequently, they were centrifuged for approximately 5 min at a speed of 3,000 rpm so that the insoluble material was separated from the soluble. The soluble material was a supernatant solution of 12% v/v (2.0 mol L–1) HNO3 which will be analyzed by ICP-OES.

  Determination of metals in PM in the environment by ICP-OES

  After the extractions, the metal content was determined by ICP-OES. The operating conditions (Table S1) and spectral lines (Table S2) are presented on Supplementary Information.

  An external calibration curve of 0; 0.1; 0.2; 0.5 and 1.0 mg L–1 for Cd, Cr, Cu, Fe, Mn, Ni, Pb, Ti and V, and another curve of 0; 0.2; 0.5; 1.0; 2.0 e 5.0 mg L–1 for Al, Fe, Na, K, Mg, Zn and Ca were prepared. As the concentrations of Na, Ca, Mg, K and Zn are higher than the other metals mentioned, these were determined radially and the others axially.

  To obtain the concentration of metals in particulate matter (mg L–1) it is necessary to multiply the results obtained by ICP-OES by the mass of the PM of the whole filter and divide it by the mass of the 9 cm2 cut filter and subtract it from the results obtained for the blank filter multiplied by the mass of the whole filter and divided it by the mass of the cut blank filter.

  Validation of the analytical method

  The performance of the analytical method is influenced by the quality of instrumental measurements and the statistical reliability of the calculations involved in data processing. 25 The selected parameters in the present study to test the performance of the methodology adopted,24 according to the criteria established by INMETRO,13 were: selectivity, linearity, precision, accuracy, robustness, limit of detection and limit of quantification, as well as the comparison of the efficiency of precision between methods of extraction. In addition, the tests were performed with certified reference material and primary standard which ensure the traceability of the results.

  The sampling filter (glass fiber) has in its composition many analytes present in the atmospheric particulate matter. Then, for this study, the blank filter solutions obtained after acid extraction were considered as the sample matrix. Because its mass is ten times major than particulate matter.

  Selectivity

  The sample matrix contains, in its composition, many analytes present in the sample, which may interfere with the analytical signal of interest. The selectivity assesses the degree of interference of these components on the measured signal. The response obtained must correspond exclusively to the analyte. 26

  The selectivity can be obtained in various ways. A way to evaluate the selectivity, when it is not possible to obtain the matrix free of the substance of interest, is making use of the method of standard addition. 22 Another way is to compare the matrix free from the substance of interest to the matrix added with this substance (standard) and evaluate the interference of the matrix with the matrix dissolution method. 12

  The first adopted methodology for the evaluation of selectivity was the standard to the matrix solution. For that matter, 8 blank filter samples were prepared, each one containing 9.0 mL of the standard solution and 7 of them containing the following volumes: 0.04; 0.08; 0.2; 0.4; 0.7; 0.8; 1.6 mL of the multielement standard solution of 50 mg L–1 and the concentration of each element was analyzed by ICP-OES.

  To evaluate the selectivity using this method, residual graphs were plotted and the Pearson correlation coefficients were calculated according to equation 1.

  
    [image: Equation 1]

  

  where, xi and yi correspond to the values of the variables X and Y; [image: Caracter 1] and ӯ are the mean values of xi e yi.

  The second method used to identify the possibility of interference from the matrix was the dissolution of the matrix. To this end, 7 PM2.5 samples were prepared with 5.0 mL of matrix solution diluted in the following proportions: 1, 1:1, 1:2, 1:4, 1:10, 1:20, 1:40, and to other seven identical samples were added 0.5 mL of standard solution multielement 50 mg L–1. All samples were analyzed by ICP-OES to determine the concentrations of each element studied.

  In addition, the t-student test was carried out to make sure if the results with different dilutions of the matrix solution influenced the analytical response when standard solution was added.

  To verify the hypothesis test, a level of trust of 95% and 4 degrees of freedom were considered to evaluate the difference in concentration with and without the addition of the standard to the matrix solutions with different dilutions.

  Linearity

  The simplest way to describe linear dependence16 is by the linear regression model, represented by a mathematical equation (equation 2) where y is a function of x.
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  The adequacy for the adjustment of the curve27 is provided by the Pearson correlation coefficient (r).

  To evaluate the linearity, an external calibration curve was made with multielement standard solution with the following concentrations: 0.01; 0.02; 0.03; 0.05; 0.1; 0.2; 0.3; 0.5; 1.0; 2.0; 3.0; 5.0 and 10.0 mg L–1.

  Limit of detection and quantification

  The concentrations of each analyte from the matrix solution were determined from 10 readings, and the mean (µ) and sample standard deviation (s) were obtained. The limit of detection (LOD) was determined from these results by applying equation 3 and also the limit of quantification (LOQ) with the use of equation 4.
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  Recovery

  The recovery or recovery factor (R) is defined as the ratio of the amount of substance of interest added or present in the sample, recovered by means of the analytical method. 17 It therefore refers to an amount of specific analyte effectively quantified in relation to the "real" amount present in the sample.

  To evaluate the recovery of our method24 two identical samples of CRM were prepared. For each sample, acidic extraction of 10 mg of CRM of urban particulate matter (NIST SRM 1648a)28 was prepared using 3.6 mL of concentrated bidistilled nitric acid (16.8 mol L–1), and heating at 95 ± 5 ºC for 2 h. Therefore, the volume was completed to 30.0 mL with nanopure water, resulting in a solution with a final concentration of 12% v/v HNO3 (2.0 mol L–1). The supernatant was analyzed by ICP-OES. The results observed for each analyte were evaluated by comparing them to certified values for SRM 1648a (expected value) and the efficiency of the determined method (equation 5).

  The expression below refers to the calculation of the recovery factor (equation 5):
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  To assess the recovery factor was used an average of the two results of the observed values.

  Accuracy

  To evaluate the accuracy29 of the method the relative error (ER) was calculated according to the following expression (equation 6):
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  where Xlab is an average of the results obtained from the 3 parallel samples of standard solution and Xv is the expected value.

  The accuracy was obtained by the evaluation of 4 multielement standard solutions with concentrations belonging to the working range: 0.2, 0.5, 1.0 and 5.0 mg L–1, added to the matrix solution.

  Precision

  The precision was evaluated by the relative standard deviation (RSD). For this work intra-run precision (repeatability) and inter-run precision (intermediate precision) were made.

  Repeatability

  The repeatability of the method was examined for a range of multielement standard solution concentrations of 0.2, 0.5, 1.0, 2.0 and 10.0 mg L–1 added to the matrix solution. The mean (m) and standard deviation (s) were calculated based on the results obtained for each concentration to calculate the RSD (%) (equation 7).
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  Intermediate precision

  The intermediate precision refers to the precision evaluated upon the same standard, using the same method, in the same laboratory, but defining one or more conditions. In this study, the days of analysis varied as well as the analyst.

  The multielement standard solutions with 0.2, 0.5, 1.0, 2.0 and 10.0 mg L–1 added to the matrix solution were reanalyzed after two days and reassessed by a different analyst and the RSD was calculated (%) (equation 8).
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  where s1 and s2 are the standard deviations, µ1 and µ2 are the averages of 7 replicas of the first and second day of analysis of standard solutions, respectively.

  Comparison of precision and recovery from other extraction methods

  For the evaluation of the precision and recovery of the extraction method used in our lab,24 the method U.S. EPA IO-3.111 was adopted as the reference method.

  All samples used for the evaluation of the acid extraction method in the lab24 were the ones prepared for the evaluation of the recovery. However, the sample used for the evaluation of the extraction using the U.S. EPA IO-3.1 method was prepared with 10 mg of certified reference material28 (NIST SRM 1648a) in 0.9 mL of HNO3 (16.8 mol L–1) and 2.4 mL of HCl (12.0 mol L–1), with heating for 30 min, and the volume completed to 30 mL, resulting in a supernatant solution of concentration of 3% HNO3/8% HCl (1.46 mol L–1).

  The calculation for the recovery factor was done by considering the observed value as the average of the results of the two parallel samples. Once the recoveries from both extraction methods mentioned above were known, an analysis of their differences was made and their equivalence evaluated. Besides the evaluation of the efficiency of extraction, the precision of both methods was determined to see whether they presented significant differences with the application of the F-test for a confidence level of 95%.

  Robustness

  With the purpose to verify if the method is robust to small deliberate variations of the optimized conditions, the robust test proposed by Youden and Steiner30 was done in a sample of particulate matter, which was divided into eight equal parts, collected in the city of Rio de Janeiro.

  The test consists of a multivariate analysis of seven variables that may influence in the analytic result using the results observed in eight experiments, varying the extraction and determination conditions. The seven variables selected for the execution of the Youden and Steiner test30 are shown in Table S3 (Supplementary Information), as well as the normal experimental procedure used, which are represented by upper case letters A, B, C, D, E, F, G and representing the alternative conditions the corresponding lower case letters a, b, c, d, e, f, g.

  From these results, the effect of each variable is estimated by the difference between the average results of four analyses with an uppercase letter and the average results of four analyses with lowercase letter. Absolut effect values greater than the standard deviation multiplied by the square root of two (s√2) were considered significant and thus alter the analytical response.

   

  Results and Discussion

  Selectivity

  The first evaluation of selectivity was performed by a standard addition curve. This was prepared by adding acid to blank filter (matrix solution) with volumes of 0.04 to 1.6 mL of multielement standard solution 50 mg L–1 foreseeing concentrations 0.2 to 8.0 mg L–1, which are concentrations that are commonly found in atmospheric particulate matter.

  The standard addition curve was divided into two parts; the first (1) contained the standard in low concentrations (0 to 1.0 mg L–1) and the other (2) in medium concentrations (1.0 to 8.0 mg L–1). The second order polynomial regression was applied on the results of two standard addition curves and calculated correlation coefficient (Pearson), as shown in Table S2 (Supplementary Information).

  The curves appear to be quite linear, with the Pearson coefficient ranging from 0.9978 to 0.9999, satisfying the recommended by ANVISA15 (r > 0.99) as well as the required by INMETRO13 (r > 0.90), as evidence of an optimal fit of the data to the regression line.

  According to Brito et al. 31 the correlation between the variables in study, in terms of the values of r, can be interpreted as: r = 1: perfect; 0.91 < r < 0.99: very strong; 0.61 < r < 0.91: strong; 0.31 < r < 0.60: medium; 0.01 < r < 0.30: weak; r = 0: null.

  Therefore, all the correlations can be considered very strong, ensuring a good correlation. To analyze the consistency of the standard addition curves an assessment of the residue data from the 2nd order polynomial regression was done in relation to the experimental values (Figure 1).

  
    

    [image: Figure 1. Residue of (a) Al, K, Mn and Na]

  

  Figure 1 indicates that the residues were mostly less than ± 2%, only a few exceeded this value, however, they did not exceed 10%, indicating that the 2nd order polynomial regression is a good representation of the concentrations found in the standard addition curve. Therefore, it can be concluded that although the sample filter of the atmospheric particulate matter (sample matrix) contains in its composition many of analytes present in the sample, they do not interfere with the analytical signal of interest.

  The second evaluation of selectivity was done to assess if there was any interference of the matrix in the analytic results of the particulate matter. A t-student test (Table S4, Supplementary Information) was done using results of the differences into metal concentrations of dilutions of the matrix with and absent addition of standard solution.

  As the concentrations results obtained for several dilutions revealed to be equivalent for all investigated elements, it can be concluded that the dilution of the matrix does not influence the analytical response. Therefore, it is not necessary to dilute the sample of particulate matter to dilute the matrix. Thus, the manner in which the sample was used for the determination of metals by Gioda et al. 24 was sufficiently adequate. A procedure to select which optimum dilution of the matrix should be adopted for the determination of metals in particulate matter by ICP-OES is by observing the limits of detection of each dilution as shown in Table 1.
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  The lower limits of detection for each of the analyzed metals with the different dilutions of the matrix are highlighted in gray in Table 1.

  It can be concluded that the way in which the acidic solution from the extraction of particulate matter by Gioda et al. 24 for the determination of metals by ICP-OES (without dilution of the matrix) was the best procedure that could have been adopted as, for most metals when dilution was not made, a lower limit of detection was obtained.

  Linearity

  To evaluate the linearity, three external calibration curves were prepared: 0.01 to 0.1 (1), 0.2 to 1.0 (2), 2.0 to 10.0 (3) mg L-1 of multielement standard solution. The heteroscedasticity was evaluated through the residue graph (Figure 2) in relation to the linear regression. Extremely high residues were observed with an average of 133% when a single curve was used for this range of concentration. However, when the residues were checked using a curve for low concentrations (0.01-0.1 mg L–1), another curve for medium concentrations (0.2-1.0 mg L–1) and one for high concentrations (2.0-10.0 mg L–1) the residues were to ± 2% (Figure 2). Only calcium and lead obtained a residue greater to 10%.
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  Table S5 (Supplementary Information) shows the Pearson coefficients of low, medium and high concentration curves when done the linear regressions following the of least squares method of the analyte concentration versus the emission intensity.

  According to Green32 and Shabir,33 correlation coefficients values higher than 0.999 is the evidence of an optimal fit of the data for the regression line. However, the curves were quite linear for all elements in the concentrations evaluated, with the exception of the elements K and Na, which only showed a correlation coefficient upper to 0.999 after the concentration of 1.0 and 0.1 mg L–1, respectively. All correlation coefficient values of K and Na were higher than that recommended by ANVISA15 (r > 0.99) and the required by INMETRO13 (r > 0.90), considering that the curve is linear.

  Limit of detection and quantification

  The limits of detection and quantification shown in Table 2 were determined with the matrix solution. The limits of detection were inferior to 0.02 mg L–1 for most of the metals with the exception of Al, Ca, Fe, K, Mg, Na e Zn that remained in the range of 0.1 a 16.0 mg L–1 as they are already present in significant concentrations in the blank filter.

  
    

    [image: Table 2. Limits of detection and operational]

  

  Regarding the detection limits described in U.S. EPA Method IO-3.4 for metals that are not heavily present in the matrix of the sample, very close values can be observed (Table 3).
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  Recovery

  To evaluate the recovery (Table 4) of the method of extraction, solutions with SRM1648a were prepared with 10 mg, to ensure the homogeneity of the sample and to approach the mass of the sampled atmospheric particulate matter.

  
    

    [image: Table 4. Analytical recovery]

  

  Once the recovery of the method is known, it can be used and the recovery factor can be applied to the results to know the total concentration of all analytes present in the samples of particulate matter.

  Accuracy

  The accuracy was obtained by the evaluation of standard solution for four concentrations belonging to the working range: 0.2, 0.5, 1.0 and 5.0 mg L–1, added to the matrix solution. The relative error was calculated in relation to the experimental results and the expected results (Table 5).
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  The relative errors varied from 0.2 to 10% for all elements. Therefore, they are below the maximum recommended by ANVISA15 (15%).

  Repeatability

  The repeatability of the method was examined for a range of multi-element standard solution of concentrations 0.2, 0.5, 1.0, 2.0 and 10.0 mg L–1 that were added to the matrix solution. The results of the relative standard deviation for each of the 15 elements determined are shown in Table 6.
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  Intermediate precision

  Intermediate precision was evaluated on the same sample used to evaluate the repeatability, using the same method in the same laboratory, but in different days and with different analysts. Table S6 (Supplementary Information) presents the RSD of intermediate precision at different concentrations of analytes.

  According to Huber,21 the methods used to quantify the analyte with maximum of 10 mg L–1 has an acceptable RSD lower or equal to 7.3% and for analytes of 1 mg L–1 lower or equal to 11%, depending on the complexity of the sample. On the other hand, ANVISA15 establishes the maximum as 15%. Therefore, the relative standard deviations observed in the analysis of repeatability and intermediate precision are satisfactory for the concentration range examined, as they were always inferior to 5%.

  Comparison of the precisions and recoveries of extraction methods

  After determining the concentrations of the analytes of two extraction methods, U.S. EPA IO-3.111 and our method, with duplicated samples (n = 2), for the same mass of certified reference material SRM 1648A (m = 10 mg), by the same method of determination (ICP-OES) under the same analytical conditions, the analyses of the differences of efficiencies of extraction (recovery) (Table 7) and an F-test (precision) were done to assess if there is any equivalence between the methods (Table 14).
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  The recoveries are very similar, not differing by 5% for most metals. This value was only exceeded for Cd, Fe and Mn, it however, did not exceed 15%.

  It is important to remark that as our as U.S. EPA IO-3.1 methodologies only determine the metals soluble in HNO3, excluding the fraction of metals binding to silicates.

  The results of the F-test indicated that the two extraction methods have equivalent precisions (Table 8). Therefore, the method adopted in our lab is quite similar to U.S. EPA method IO-3.1, which is the most common method for the determination of metals in atmospheric particulate material.
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  Robustness

  Comparing the results of the effects of each variable to the standard deviation of 8 samples multiplied by the square root of two (√2 s) it was impossible to evaluate whether the values of the effects were significant and therefore alter the analytical response (Table 9).
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  Applying the Youden and Steiner test,30 it can be concluded that only Ni may suffer variations in its analytical response if the power of the equipment varies from 500 W to 400 W, which is not expected during the analysis due to the stability of the plasma in this equipment. Therefore, we can conclude that the method is robust for all variables found in the considered experimental domain.

   

  Conclusion

  Among the analyzed elements, Al, Na, K, Ca and Zn are strongly present in the matrix of the sample. However, through tests of selectivity, it can be observed that this did not influence the analytical response of other metals analyzed. Furthermore, by linearity test it can be concluded that the working range adopted for the measurement of concentrations of metals in atmospheric particulate matter is linear and with random and small residues. Finally, the method of extraction of metals from PM adopted by our lab shows good precision and accuracy, and it is equivalent to the standard method (U.S. EPA IO-3.1). The developed method may be used to determine Al, Ca, Cd, Cu, Cr, Fe, K, Mg, Mn, Na, Ni, Pb, Ti, V and Zn present in atmospheric particulate matter (PM2.5) by ICP-OES, because it meets all validation requirements set by INMETRO.
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  Supplementary data are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Culturas como maçã, morango e tomate estão entre os alimentos de maior contaminação por uso de pesticidas no Brasil. Pensando nisso, a otimização multivariada do método QuEChERS, acoplado ao CG-ECD, foi proposta a fim de investigar os níveis de resíduos dos pesticidas clorpirifós, dimetoato, malationa, mevinfós, pedimentalina, simazina e trifluralina em maçãs, morangos e tomates produzidos no Estado de Santa Catarina, sul do Brasil. O processo envolveu os planejamentos fatorial completo 24 e Doehlert seguido de validação do método modificado e aplicação em 91 amostras reais coletadas durante os anos de 2010 e 2011. As modificações realizadas no método proporcionaram aumento de detectabilidade e valores satisfatórios de linearidade, precisão e exatidão. Nas amostras reais, resíduos de pelo menos um pesticida (> LOQ) foram encontrados em 8 (27,6%) amostras de maçãs, 12 (40,0%) morangos e 17 (53,1%) tomates. Os resultados indicaram a necessidade de monitoramento contínuo para o uso destes pesticidas em frutas e vegetais.

  

   

  
    Apple, strawberry and tomato are among the foods with higher contamination for pesticide use in Brazil. Thereby, a multivariate optimization of the QuEChERS method coupled to GC-ECD was proposed to investigate the level of pesticides residues clorpyrifos, dimethoate, malathion, mevinphos, pedimentalina, simazine and trifluralin in apple, strawberries and tomatoes produced in Santa Catarina state, South of Brazil. The process involved a two-level full factorial and Doehlert designs followed by validation of the modified method and its application in 91 real samples collected during the years 2010 and 2011. Modifications in the method provided increased detectability and satisfactory values of linearity, accuracy and precision. In real samples, residues of at least one pesticide (> LOQ) were found in 8 (27.6%) apple, 12 (40.0%) strawberry and 17 (53.1%) tomato samples. The results indicated the necessity of continuous monitoring for pesticide use in fruits and vegetables.

    Keywords: pesticides, QuEChERS, multivariate optimization, fruits, Brazil

  

   

   

  Introduction

  Brazil is one of the main food producers and exporters in the world.1 The South Brazilian region for instance, constitutes a great hortifruticulture center, being the state of Santa Catarina a leader in apple cropping.2 Nevertheless, the great production of fruits and vegetables is strongly related to the excessive use of pesticide. According to data from Brazilian National Monitoring Program for Pesticide Residues in Food,3 pesticides such as chlorpyrifos, dimethoate, malathion and mevinphos are frequently used in fruit and vegetable growing, without necessarily being authorized for use in some cultures. Furthermore, residues of some other non-recommended and restricted use pesticides can also be found in these foods from indirect sources, such as adjacent crops, soil, and irrigation waters.4-6 As a way to control the use of such compounds and to improve the quality of the products for local consumption and export, the development of modern, specific, and sensitive methods is necessary to detect pesticides in food.7

  The QuEChERS (Quick, Easy, Cheap, Effective, Rugged and Safe) method, developed originally by Anastassiades et al. ,8 has been used for extraction of pesticide residue in a wide range of foods and other agricultural products.9,10 Characteristics such as low consumption of reagents, generation of small amounts of waste, simplicity of the operations, low cost of analysis, and efficient removal of matrix components and high recoveries of the analysed compounds, are responsible for the popularity of this method.10-14

  Despite of all the advantages, important variables that help increasing the efficiency of extraction can still be enhanced in QuEChERS, including: sample quantity, solvent volume, pH and temperature of extraction. In the original method, the ratio of sample quantity/solvent volume (1:1) result in a low pre-concentration of compounds in the extracts, and can lead to higher detection limits, i.e. , lower sensitivity. According to some researchers this ratio is the principal disadvantage of the QuEChERS compared to other extraction methods.15-17 In addition, the pH and temperature effects on the recovery of pesticides, especially those sensitive to basic pH and thermolabile, must also be considered.18-20 The optimization of such variables is necessary for improving the method sensitivity by increasing detection and recovery levels.

  Various analytical methods including gas chromatography (GC) and liquid chromatography (LC) coupled with various detectors have been developed for the determination of pesticides.21 The most frequently used technique is gas chromatography (GC) especially coupled with electron capture detector (ECD), nitrogen phosphorus detector (NPD), flame photometric detector (FPD) and mass spectrometry (MS).15,21 Among them, ECD is commonly used for the determination of organochlorine and pyrethroid pesticides, however research using this detector for multiresidue determinations show excellent results. In the literature variations of the QuEChERS method using GC-CD analysis are described for different pesticides residues in foods,22-25 including apples, strawberries and tomatoes.26,27 These studies, the ratio of sample quantity/solvent volume was not modified.

  Univariate methods of optimization neglect the interaction between the variables, therefore the obtained results do not necessarily correspond to the conditions which lead to the perfect optimum. In chemical systems, the variables are often strongly correlated, interacting through mechanisms which provide synergistic and antagonistic effects. If such fact is ignored, the optimization process has little value.28,29 The multivariate optimization includes factorial designs and response surface methods, which are used to evaluate the main and interactive effects of variables in relation to analytical response.30 Furthermore, it reduces the number of necessary experiments to provide sufficient information for statistically acceptable results.31

  In the present study, a multivariate optimization of the QuEChERS method coupled to GC-ECD was proposed to evaluate important variables of the extraction process and investigate the levels of pesticides residues of chlorpyriphos, dimethoate, malathion, mevinphos, pedimenthalin, simazine and trifluralin in apples, strawberries and tomatoes grown and commercialized in the State of Santa Catarina, South Brazil. A multivariate optimization process was used, followed by validation of the modified methodology and application in real samples.

   

  Materials and Methods

  Sample

  Apples, strawberries, and tomatoes were weekly collected between September 2010 and April 2011, at the Supply Center of Santa Catarina State (CEASA), Brazil. The collections were made randomly, without preference of size, type or color. A minimum of 1 kg of each sample was collected per collection day.32 The samples were packed into sealed plastic sacks, transported to the laboratory and immediately conditioned at –18 ± 2 ºC until the analysis.

  Samples with no pesticide residues were purchased at local organic products shop and used for the optimization and validation assay. Analyzes were carried out to confirmation of the absence of pesticides in such samples (data not shown).

  Reagents and standards

  Water was purified through a Milli-Q system from Millipore®. Anhydrous magnesium sulphate p.a. and sodium chloride p.a. were purchased from Vetec (Rio de Janeiro, RJ, Brazil). The PSA (primary and secondary amine) sorbent was obtained from Varian (Varian, Harbor City, CA). Glacial acetic acid p.a. and solvents acetonitrile, toluene and methanol, all high performance liquid chromatography grades were purchased from Merck (Darmstadt, Germany).

  The pesticide analytical standards of chlorpyriphos, dimethoate, malathion, mevinphos, pendimethalin, simazine and trifluralin, all whit purity higher than 98.0%, were obtained from Sigma-Aldrich (Saint Louis, MO, EUA), as well as Tris (1,3-dichloro-2-propyl) phosphate (TDCPP) used internal standard. Individual pesticide stock solutions (100 mg L-1) were prepared in toluene. Intermediate solutions (10 mg L-1) of each pesticide were obtained by dilution of the stock standard solutions in methanol. Two mixed work solutions were prepared, one by the mixture of intermediate standard solutions of chlorpyriphos, dimethoate, malathion, and mevinfos (Mix 1), and the other by mixture of pendimethalin, simazine and trifluralin (Mix 2). The pesticides were grouped in each mix according to their physicochemical properties. Such solutions were diluted successively in methanol and added into varied concentrations in samples submitted to tests of optimization and validation. All solutions were stored in amber bottles and kept at –18 ± 2 ºC, protected from light.

  Instrumentation

  The analysis were carried out in a gas chromatograph CP-3800 (Varian, USA) equipped with electron capture detector (ECD). The capillary column used was CP SIL 8CB (50 m × 0.53 mm, 5.0 µm film thickness) (Varian, USA). The injections were carried out manually in splitless mode with the injector at 220 ºC. Nitrogen (99.999%) was used as the carried gas at a flow rate of 1 mL min-1 at the initial temperature of column oven. The temperature program of the chromatographic column used was: 90 ºC (1 min), heating 30 ºC min-1 up to 210 ºC (6 min), and 5 ºC min-1 up to 250 ºC (2 min); with analysis time of 25 min. The detector temperature was 300 ºC. The data were obtained using the software Star Chromatography Workstation 6.2 version.

  Extraction process - QuEChERS method

  Samples of apple, strawberry and tomato were homogenized individually in a commercial blender. For each sample, a portion of 18 g was weighed into a 50 mL centrifuge tube (Sarstedt AG. & Co. , Germany). The internal standard was then added at 500 µg kg-1 concentration. Samples destined for optimization and validation assay were fortified with work mix solutions. These were carefully mixed and left at rest for at least 30 min before the extraction. A 10 mL volume of acetonitrile was added as extraction solvent and the pH was adjusted to 5 with acetic acid. The tube was tightly capped and shaken vigorously by vortex for 1 min. Then, 1 g of sodium chloride and 4 g of magnesium sulphate anhydrous were added and the mixture was immediately shaken for further 1 min. The extract was centrifuged at 5000 rpm for 3 min and 10 ºC. After centrifugation, 1 mL of supernatant was transferred to another centrifuge tube (Eurotips Scientific) containing 50 mg of PSA and 300 mg of magnesium sulphate anhydrous. The tube was shaken in a vortex for 1 min and centrifuged again at 3000 rpm for 5 min. The final extract was stored into glass vials at –18 ± 2 ºC.

  The parameters sample amount (18 g), solvent volume (10 mL), pH (5) and extraction temperature (10 ºC) were predetermined by optimization analyzes performed through multivariate experimental design, described in the Multivariate optimization section.

  Multivariate optimization

  Strawberry samples were used as matrix for the optimization of QuEChERS method. These were fortified with 500 µg kg-1 of the internal standard and work mix solutions.

  The optimization process was performed in two steps. In the first moment, the parameters sample amount, solvent volume, pH and extraction temperature were submitted to a full factorial design to evaluate which of those variables had significant effect on the efficiency of extraction of pesticide. The design was constructed based on a 24 factorial design with 3 replications of the center point to estimate the experimental error, leading to 19 experiments, carried out in random order. The variables were evaluated at three levels, coded as –1, 0 and +1: sample amount (5, 10, and 15 g), solvent volume (5, 10, and 15 mL), pH (3, 5, and 7), and extraction temperature (5, 10, and 15 ºC) (Table 1). Wide ranges of variation were adopted because it is a multiresidue methodology where pesticides with different properties will be extracted simultaneously.
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  Secondly, the parameters that were significant (indicated by a Pareto chart) were optimized by a response surface methodology through a Doehlert matrix. The variables evaluated in this case were sample amount at five levels (10, 15, 20, 25, and 30 g) and solvent volume at three levels (0, 5, and 10 mL). A total of 9 experiments were carried out, considering 3 repetitions of the central point, in order to allow the estimation of experimental variance.

  One response for each pesticide was obtained in each chromatographic run (chromatographic peak area). The geometric mean of the peak areas for the seven pesticides was used as optimization response, in order to better express a unique set of optimum conditions for the extraction of all the analytes. The Statistica (version 6.0) software program was used for statistical evaluation of the data.

  Validation of the method

  The validation study of method was performed for each of the three fruits samples fortified with different concentrations of the work mix. Analytical parameters of linearity, sensitivity, accuracy and precision, were evaluated as suggested by the European Commission SANCO NCCLS guideline 12495/2011.33 The linearity was analyzed using concentrations of 0.1; 1.0; 10; 100; 250; 500; 750; 1000 µg kg-1, prepared in triplicate and randomly injected. The calibration curves were plotted as the relative peak areas (pesticide versus internal standard) as a function of the concentration ratio (pesticide concentration versus internal standard concentration). The sensitivity was expressed in terms of limits of detection (LOD, concentration for 
    signal/noise = 3) and quantification (LOQ, concentration for signal/noise = 10). The accuracy and precision were evaluated through recovery and repeatability tests, respectively. These were performed through of 5 replicates of the blank samples fortified with two different concentration levels of pesticides.

   

  Results and Discussion

  Identification of the most significant variables

  A full factorial design was used to elucidate the significant effects and the interactions of the variables sample amount, solvent volume, pH and extraction temperature. The Pareto chart obtained (R2 = 0.94) is shown in Figure 1. The sample amount and solvent volume were the variables of relevant effect, (+) 8.37 and (–) 5.83 respectively. These variables affect directly the geometric mean of peak areas for seven pesticides. As expected, the increase of sample amount and decrease of solvent volume can result in a greater extraction of studied pesticides.34 All other factors and their interactions had small effects on response and low trust level (p < 0.05), not being considered significant.

  
    

    [image: Figure 1. Pareto chart obtained through]

  

  Based on the results provided by Pareto chart, the significant variables were studied in a second step of the optimization process, through a Doehlert matrix. In such step, the pH and the temperature were fixed at 5 and 10 ºC, respectively.

  The pH value was defined according to the natural pH of the fruits and vegetables, variable between 3 and 5 for apple, strawberry and tomato.35 Therefore, it was not necessary to add large quantities of acid or basic reagents. At the same time, it was considered the fact that pHs between 4 and 5 are recommended for optimal extraction of pesticides. This pH range provides superior recoveries to 70.0% for sensitive compounds in acid environment and ensures stability for those sensitive in the alkaline environment.18,36

  The temperature was chosen to avoid the degradation of some pesticides more sensitive to heat, as recommended by the literature.20,37 This is because the centrifugation mechanical process and the exothermic reaction caused by addition of MgSO4, can result in increase in a temperature to about 45 ºC, harming the extraction. 38,39

  Doehlert design application

  A Doehlert design was used to define the optimal values for variables, sample amount and solvent volume. Doehlert constitutes a uniform distribution of the experiments in a three-dimensional space. For two variables, the design consists of one central point and six additional points forming a regular hexagon situated on a circle.40,41 As variables levels depend on the design geometry, one variable is studied in five levels while the other is studied in only three levels.41 Table 2 shows the Doehlert's matrix and the corresponding experimental and predicted responses.
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  The predicted values for the geometric mean peak area are close to the experimental values demonstrating that the model is possibly applicable. The response surface shown in Figure 2 was built through the experimental responses. The model was governed by the equation:

  R = –1.93.107 + 2.08.106 x – 51881.78 x2 + 1.80.106 y – 87817.89 y2 – 9071.97 xy,
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  where x and y are the sample amount and solvent volume, respectively, and R is the geometric mean of the peak area for the seven pesticides.

  Analysis of variance (ANOVA) was used to evaluate the quality of relation between the response and the significant variables, in order to obtain the optimum extraction conditions. The results showed that the model was significant (F = 0.14 and p < 0.05) and the lack-of-fit test (p > 0.05) indicated that the quadratic model was valid for this study. The same can be confirmed by the satisfactory determination coefficient obtained (R2 = 0.96), indicating that even using a variable which is not significant in the model, the results obtained are reliable.

  The model equation allowed the higher point to be calculated at 19.24 g sample and 9.29 mL solvent. However, in order to facilitate homogenization of samples in extraction assays, the option was to use 18.00 g sample and 10.00 mL solvent, values that are still within the optimal region of the method (Figure 2). The extraction methodology was then defined as: 18.00 g sample, 10.00 mL solvent, pH 5.0, and temperature of 10 ºC.

  Analytical performance of the optimized method

  Good linearity range and satisfactory values of correlation coefficients (r) were obtained for all studied pesticides. According to Table 3, the pesticides showed correlation coefficients above than 0.99. The LOD and LOQ of the method reached values considerably lower than the maximum residue limits (MRL) established by the European Union42 and Brazilian Legislation.43 In addition, the LOD values were lower or similar to those reported in the literature,44-48 which depends on the instrumentation and analytical conditions used. According to Diez et al.16 and Hiemsta et al.,34 for extraction methods as the QuEChERS, an increase of sample/solvent relation leads to smaller LOD for the same extract volume injected into the chromatographic system, which explains the results obtained.
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  Recovery and repeatability studies were conducted after fortification of the samples in two concentration levels, between 5 µg kg-1 and 500 µg kg-1. According to European Commission SANCO NCCLS guideline 12495/2011,33 recovery intervals between 70.0 and 120.0% are considered acceptable for analysis of residues in food, with an repeatability of up to 20.0%.

  All spiked samples presented satisfactory recovery rates for the target pesticides, ranging from 70.5% to 119.4% (Table 4). Approximately 93.0% achieved recoveries were above 80.0%. These recoveries indicate good accuracy of the method.

  
    

    [image: Table 4. Recovery and repeatability of the method]

  

  In relation to the repeatability, the relative standard deviations (RSDs) ranged from 2.2% to 16.6%. More than 60.0% of pesticides had RSDs below 10.0%, which veriﬁes the good precision of the method.

  These results show broad agreement with data from other researchers who also developed and validated different versions of QuEChERS method, for the determination of pesticides chlorpyrifos, dimethoate, mevinphos, malathion, pedimentalina, simazine and trifluralin in different fruits and vegetables. Lu et al.49 modified and validated the QuEChERS method for determination of 45 pesticides of different chemical families in samples of apple, spinach and cucumber. Lesueur et al.45 validated a method to analyze 105 pesticides for GC analysis and 46 for the HPLC analysis in tomato, lemon, grape and onion. Queiroz et al.48 also validated a version of QuEChERS method followed by UPLC – MS/MS for detection and quantification of 29 pesticides in tomato, lettuce, apple and grape samples. The recovery results observed in the present study are similar or even higher than those validated methods, although they have used chromatographic techniques coupled to mass spectrometry. It should be emphasized that in those studies, the ratio sample quantity/solvent volume was not modified in validated methods. A specific evaluation of this parameter of the QuEChERS method was not found in the literature.

  The QuEChERS provides several benefits compared to conventional extraction methods, such as simplicity of the steps, ease of execution and dynamism, which allow its affordable application/usage in pesticides analysis laboratories. The QuEChERS-GC-ECD method presented the same characteristics of the traditional method, but with greater sensitivity, accuracy and precision, which are important parameters for monitoring ever smaller levels of residues in food.

  Application to real samples

  The validated method was used for pesticides detection and quantification in apple, strawberry, and tomato real samples produced and commercialized in Santa Catarina State, South Brazil. A total of 91 samples were analyzed, considering 29 apples, 30 strawberries, and 32 tomatoes. Residue of at least one pesticide (> LOQ) was found in 8 (27.6%) apple samples, 12 (40.0%) strawberry samples, and 17 (53.1%) tomato samples. Except for the strawberries samples, most of the residue was below the MLRs stipulated by Brazilian Legislation.43 The irregular samples (presence of non-authorized active ingredient or residue levels higher than the Brazilian MRL) represented 1 (12.5%), 10 (83.3%), and 6 (35.3%) of apple, strawberry and tomato positive samples, respectively.

  Apples showed a lower number of residues. Only one sample presented residue (simazine) above the MRL (> 20 µg kg-1). Strawberries contained dimethoate, pendimethalin, and trifluralin at levels ranging from 10.40-111.90 µg kg-1, none of them allowed in the country for fruit cultivation use. For the tomato, mevinphos residues were found above the MRL (> 200 µg kg-1) in two samples. Chlorpyrifos, pendimethalin, and simazine, non-authorized active ingredients for this crop, were quantified between 19.30-211.50 µg kg-1.

  Most of the irregularities found for the fruits under study were related to the use of non-authorized active ingredient. This fact was also reported by Ciscato et al.50 In their study with Brazilian fruit export, 17.8% of the analyzed samples were contaminated by non-autorized active ingredients, while only 5.4% contained residue above the MRL. Similarly, Jardim and Caldas (2012),51 based on Brazilian monitoring programs, found that approximately 72.1% of the positive fruit and vegetable samples were irregular by the presence of non-allowed ingredients. These authors justify the data in part due to the diverse agricultural population profile in the country. In many cases, the decisions on which pesticide to use depend on the costs and availability of product in agricultural properties.52 Thus, a farmer will probably use a pesticide which is registered for one certain culture also in other crops grown on the same property, regardless of its registration status.51

  Surveys carried out in other countries showed similar contamination percentages to those reported here. In Colombia, for example, pesticide residues were detected above the MRLs in 53.9% and 27.6% of the open field and greenhouse tomato samples respectively, collected during the year 2011.53 In Bangladesh between 2009 and 2012 pesticide waste was detected in 53.4% of the total tomato samples collected.54 The analyzes of pesticides on imported apples from South America to Denmark, Estonia, Finland, Norway, and Sweden, showed 73.0% of positive samples and 12.0% samples with residues above the MRL.55 Such results reflect the lack of efficient programs of guidance and awareness of farmers regarding the correct use of pesticides, such as the correct dose application, the application procedures and the appropriate interval between harvesting and pesticide treatment.

   

  Conclusions

  The multivariated optimization of the QuEChERS method enabled the evaluation of important parameters that affect the extraction efficiency of pesticides in apple, strawberry and tomate samples. The changes applied to the methodology resulted in increased detectability and satisfactory values of linearity, accuracy and precision, when compared to other versions of QuEChERS. The analyses results performed in real samples have established the need for good preventive actions, such as orientation of the farmers and the continuous monitoring of the residues in fruit and vegetables produced in Southern Brazil.
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    Glicerolatos de metais divalentes foram sintetizados e investigados na transesterificação metílica de óleo de soja refinado. Altas conversões foram obtidas para os monoglicerolatos de estrôncio e bário e diglicerolato de cálcio. O diglicerolato de cálcio se mostrou estável até o terceiro ciclo de reuso, se decompondo em uma mistura inativa de CaCO3 e Ca(OH)2.

  

   

  
    Divalent metal glycerolates were synthesized and investigated in the methyl transesterification of refined soybean oil. Higher conversions to monoacylesters were obtained for strontium and barium monoglycerolates and calcium diglycerolate. Calcium diglycerolate was shown to be stable up to a third reuse cycle, decomposing to an inactive mixture of CaCO3 and Ca(OH)2.
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  Introduction

  Due to a decrease in the world crude oil reserves, allied to the increasing environmental awareness of our modern society, many researchers are taking the steps to develop new technologies for the sustainable use of the natural resources. One of these technologies considers the replacement of petrodiesel by biodiesel, which is a renewable resource that can be obtained through the transesterification of oils and fats or by esterification of free fatty acids (FFA).1 The transesterification process for biodiesel production consists in the conversion of triesters (triacylglycerols) into a mixture of alkyl monoesters, which in most cases correspond to fatty acid methyl esters. In the reaction mentioned above, a triacylglycerol reacts with a monohydroxylated alcohol (process can be denominated also alcoholysis) in three steps, each step being ruled by a equilibrium constant and, at the end of the reaction, alkyl monoesters are produced along with glycerol as a co-product.

  This reaction occurs by mixing the reactants in appropriate proportions at an adequate temperature, but the reaction kinetics is too low. To overcome this problem, supercritical conditions or chemical catalysts are necessary.2,3 A great variety of catalysts can be commonly used in transesterification reactions, but the most frequently used for the process involving biodiesel synthesis are alkaline-like sodium or potassium alkoxides, their corresponding hydroxides (which are able to generate the corresponding alkoxides in situ) or strong acids like sulfuric, sulfonic or hydrochloric acid.1 All the above mentioned catalysts are applied in a homogeneous medium.

  The use of catalysts in homogeneous medium applied to transesterification reactions when compared to catalysts in heterogeneous medium have the advantage of requiring low temperature for a fast conversion, with high yields. However, the removal of the catalyst from reaction is difficult and requires purification steps that increase the final cost of the product. Other problems are related with the formation of emulsions with the acid raw materials, obtained by the saponification of the fatty acids and corrosion of equipments that may occur depending on the type and properties of the selected catalyst.4

  For these and other reasons, most of the current research involving transesterification and esterification reactions aims the development of new heterogeneous processes. In spite of some disadvantages such as higher cost and lower activity, many different compounds have been investigated, like transition metal and alkaline earth oxides, zeolites, raw and activated clay minerals and immobilized enzymes.5,6

  In some of these investigations, after transesterification or esterification reactions, the initial catalysts were transformed in situ into other compounds. Cordeiro and co-workers7 reported that zinc hydroxide nitrate was transformed into zinc laurate after the methyl esterification of lauric acid and this compound maintained the system catalytically active. Freshly synthesized zinc laurate was also very active and this catalyst could be recycled many times, without losing the original catalytic activity.7

  Recently, Kouzu et al. described the in situ transformation of calcium oxide into calcium diglycerolate, an alkoxide derived from glycerol, during the catalytic transesterification of soybean oil with methanol.8 The same authors proposed that calcium diglycerolate was subsequently transformed into another compound called calcium-X, which had a composition based on one calcium atom connected to one glycerolate and one methoxyl group.9,10 Until now, this compound has not been isolated and the mechanism of this reaction still needs further investigation.

  Calcium glycerolates can be found in the form of diglycerolates and monoglycerolates, among other compositions.11 The glycerolates are formed by deprotonation of glycerol, which can react with metallic centers forming complexes with several metals like calcium, iron, nickel, cobalt, manganese, zinc, cadmium, molybdenum, etc.12 Some of these glycerolates, such as zinc monoglycerolate, have been used in cosmetics and pharmaceuticals, as well as in the composition of lubricants and polymer stabilizers.13

  Glycerolates like zinc and cobalt have very similar X-ray diffraction patterns,14,15 and the zinc compound has a layered structure, obtained by stacking layers in the (h00) direction (basal direction). The layers are built by bridges formed trough the oxygen atoms of the glycerolate anion and the metal centers, as reported for zinc monoglycerolate.15

  In the present work, the synthesis and characterization of zinc, calcium, strontium and barium glycerolates are demonstrated, along with an investigation of the catalytic activity of these promising compounds in the transesterification of refined soybean oil with methanol.

   

  Experimental

  Synthesis of calcium glycerolates

  The syntheses of calcium monoglycerolate and diglycerolate were performed in two steps.11 In the first step, 3.00 g (0.0535 mol) of commercial CaO without any treatment were mixed with 100 g (1.08 mol) of P. A. grade glycerol in an Erlenmeyer flask and mechanically stirred for 15 minutes. After that, the Erlenmeyer was inserted in a water bath with a temperature of 40 ºC and the reaction proceeded for 24 hours. In the second step, the supernatant was transferred in two portions of 5 g to 10 mL polyethylene containers which were subsequently inserted into two steel reactors, separately. These reactors were heated in a drying stove for 7 days at 120 ºC and 60 ºC to produce, respectively, calcium monoglycerolate and diglycerolate.

  An alternative synthetic route was carried out to obtain calcium diglycerolate as described by Kouzu et al.,9 where 7.00 g (0.125 mol) of commercial CaO without any treatment were reacted with 11.5 g (0.125 mol) of glycerol P. A. dissolved in 50 mL (1.23 mol) of methanol. The reaction was performed at methanol reflux for 4 hours.

  All solids obtained in these three syntheses were washed and centrifuged four times with a 1:1 isopropanol:glycerol mixture, followed by two washing/centrifugation steps with ethyl ether and drying at 60 ºC for 1 hour.

  Synthesis of zinc, strontium and barium monoglycerolates

  Zinc, strontium and barium monoglycerolates were synthesized by mixing the respective high purity oxides with glycerol, in a molar ratio (metal oxide:glycerol) equal to 1:4, using the same 10 mL polyethylene containers and the steel reactor as described above for the second step of the calcium glycerolates syntheses. The reactors were placed in a drying stove at 120 ºC for 7 days. The same centrifugation/washing procedures to wash the solids obtained were used as described for the syntheses of calcium glycerolates.

  Catalytic activity experiments for methyl transesterification of refined soybean oil

  The catalytic activity and the reuse experiments were performed under methanol reflux conditions with magnetic stirring. Based on previous optimization experiments, the reactants, alcohol and refined soybean oil were mixed in a 50:1 molar ratio, with addition of 2 wt. % of the catalysts in relation to the used mass of refined soybean oil and the reaction time was fixed in 2 hours. The reactions were kept under magnetic stirring at around 500 rpm to avoid mass transfer limitations for biphasic systems.16

  For comparison purposes with possible formed decomposition compounds, not only the glycerolates were investigated, but also other compounds like chlorides, carbonates and hydroxides. In all cases the solids after reaction were washed with hexane for three times and centrifuged at 4000 rpm. All of these reactions were performed in duplicate and average values were reported.

  The qualitative and quantitative methyl ester determinations were performed by high performance size exclusion chromatography (HPSEC) using a Waters® 1515 high performance liquid chromatography (HPLC) system provided with two Ultrastyragel 100 and Progel G1000-HXL columns positioned in series, in which the limits of exclusion corresponded to 103 a.m.u. , respectively. The analyses were performed in duplicate at 40 ºC with an injection volume of 10 µL using UV/HPLC tetrahydrofuran (Vetec®) as mobile phase at a flow rate of 0.8 mL min-1. The detection system was based on refraction index (Waters® 2414 RI detector) and the complete elution was completed after 26 minutes. The quantitative analyses were performed by external calibration, where the reference standards were triolein (1,2,3-tri-[(cis)-9-octadecenoil]-glycerol), diolein (1,3-di-[(cis)-9-octadecenoil]-glycerol), mono-olein (1-mono-[(cis)-9-octadecenoil]-rac-glycerol) and methyl oleate, all purchased from Sigma-Aldrich®. These standards were used as models for the analyses of triacylglycerol, diacylglycerol, monoacylglycerol and methyl esters, respectively.

  Instrumental characterization

  X-ray powder diffraction (XRPD) patterns were recorded with a Shimadzu XDR-6000 instrument using CuKα radiation (λ = 1.5418 Å), dwell time of 2º min-1, current of 30 mA and voltage of 40 kV. The samples were placed and oriented by gently hand pressing on neutral glass sample holders.

  The Fourier transform infrared (FTIR) spectra were recorded with a Bio-Rad FTS 3500GX instrument, using approximately 1% of sample in 100 mg of spectroscopic grade KBr (Vetec). The pellets were pressed at 8 t for 5 minutes prior to analysis, with measurements being made in the transmission mode with accumulation of 32 scans and a nominal resolution of 2 cm-1.

  Thermal analyses (thermogravimetry analysis, TGA, and differential thermal analysis, DTA) were performed in 150 µL platinum crucibles using a Mettler-Toledo 
    TG/SDTA 851e thermoanalyzer from 30 to 1000 ºC under a 50 mL min-1 oxygen flow and a heating rate of 10 ºC min-1.

  Scanning electron microscopy (SEM) images were obtained after depositing the samples on copper stripes. The samples were sputtered with gold using an SCD030 Balzers Union FL 9496 equipment and the images obtained with a JEOL JSM-6360LV microscope, using voltages of 15 or 20 kV.

   

  Results and Discussion

  From this point onwards we will describe the synthesized compounds by their acronyms: calcium monoglycerolate (CaMGly), calcium diglycerolate (CaDGly-1 or CaDGly-2), strontium monoglycerolate (SrMGly), barium monoglycerolate (BaMGly) and zinc monoglycerolate (ZnMGly).

  The XRPD profiles of all synthesized monoglycerolates presented a typical intense basal diffraction peak indexed as (h00) in the region around 10º in 2θ (see Supplementary Information Figure S1). The basal distances obtained for the first basal peak of each monoglycerolate compound were: calcium, 8.57 Å; strontium, 8.70 Å; barium, 8.07 Å; and zinc, 8.10 Å. These basal distances are characteristic of structures having the glycerolate anion coordinated to metallic center in the structure.12,14,17,18 In addition, the synthetic monoglycerolates were obtained in high purity, with the exception of the one containing barium, which is slightly contaminated with barium carbonate.

  Besides calcium monoglycerolate, calcium diglycerolate was also obtained, but in two different crystal orientations: the first one, called CaDGly-1, shows a very intense peak along (111) direction (Figure 1a), and the second one, called CaDGly-2, has the most intense peak along (200) direction (Figure 1b).

  
    

    [image: Figure 1. X-ray powder diffraction]

  

  León-Reina et al. predicted the crystal structure for calcium diglycerolate and the XRPD patterns obtained in our work are very similar to that described by these authors,19 with the difference only in the relative intensity between peaks 200 and 111 for the solid CaDGly-2.

  This fact can be explained by the two different routes used for the calcium diglycerolate synthesis. The first one, that originated the phase called CaDGly-2, was conducted in a closed system (autoclave), with greater reaction time than the other one (7 days) and glycerol acting as both the reactant and the solvent, while the second route was made in methanol reflux with vigorous magnetic stirring for only few hours (4 hours), thereby, the temperature, reaction time for crystal growth and solvent effects can possibly have influenced crystal formation with different preferred orientation.20-22

  The basal distances for the two phases of calcium glycerolate were around 10.7 Å, in accordance with the phase described by Fujii and Kondo.11 The XRPD patterns also showed a small contamination of calcium hydroxide and calcium carbonate, which are indicated by one and two asterisks, respectively, in Figure 1.

  Fourier transform infrared (FTIR) spectroscopy has shown that all synthesized compounds presented vibrational modes that are expected for organic species bonded to metals centers and are very similar together (see Figure S2 and Table 1).
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  The stretching of O–H bonds can be seen in the region of 3260-3415 cm-1 and the vibrational modes for C–H and H–C–H appear in region of 2700 and 3000 cm-1. Other characteristic bands were observed at 1100-1140 cm-1 (C–O), at 1050-1060 cm-1 (C–C), 850-875 cm-1 (M–O–C) and 400-450 cm-1 (M–O, where M = metal). The FTIR spectra of CaDGly-1 and CaDGly-2 also revealed an intense and broad band at approximately 1415 cm-1, which can be attributed to the vibrational mode for CO32– from calcium carbonate contamination as already attested by XRPD (Figure S2).

  SEM images of calcium diglycerolate obtained under reflux conditions (CaDGly-1) and in the Parr reactor (CaDGly-2) can be seen in Figures 2a and 2b, respectively. It can be clearly seen that the CaDGly-1 phase exposes mainly the 111 planes while the CaDGly-2 phase exposes the basal planes (h00), as already attested by XRPD (Figure 1). This orientation explains why the compound with the same formulation has different catalytic properties.
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  The thermal analysis curves (simultaneous TGA and DTA) of the synthetic materials can be seen in Figure 3. In general, the TGA curves presented mass loss events until 100 ºC attributed to the removal of physisorbed water present in the solids. Such events were observed simultaneously with an endothermic event in the DTA curves of all samples except for calcium monoglycerolate (CaMGly) (Figure 3c), which occurs as an anhydrous phase.
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  Except for zinc monoglycerolate (ZnMGly), an initial decomposition to carbonate can be seen in the region of 150-200 ºC for the CaDGly-1, CaDGly-2, SrMGly, BaMGly patterns and around 300 ºC for CaMGly 
    (Figures 3a-e).

  This does not occur to ZnMGly because its decomposition forms ZnO in a single step. The final process of mass loss, that forms the respective metal oxides, are around 700 ºC for calcium diglycerolates and 750 ºC for calcium monoglycerolate, 400 ºC for the zinc compound, 950 ºC for strontium and could not be seen for the barium compound, because the formation of barium oxide initiates at around 850 ºC, but is very slow and completed at temperatures higher than 1000 ºC.23,24

  The oxidation of organic matter occurred at around 350 ºC for all monoglycerolates and for the diglycerolates CaDGly-1 and CaDGly-2, this thermal event was shifted to around 420 ºC. All of these mass losses occurred concomitantly with intense exothermic peaks in the DTA curves.

  Anhydrous CaMGly (Figure 3c) and dehydrated ZnMGly (Figure 3f) seem to be the more thermally stable compounds, because the TGA curves show well-defined decomposition processes and stability for these solids until around 300 ºC. This could make these compounds suitable for tests as catalysts at higher temperatures than under reflux conditions, as recently reported by our research group.25

  From TGA/DTA measurements of water content, the empirical formula was proposed, and both experimental and theoretical metal oxide contents of the synthetic glycerolates are shown in Table 2.
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  The proposed formula for the investigated metal glycerolates are consistent with the obtaining of metal:ligand ratio of 1:1 for monoglycerolates and 1:2 for diglycerolates with a slightly higher content of ligand in CaDGly-2.

  Methyl transesterification of refined soybean oil

  For these experiments a higher molar ration between alcohol and oil, in relation to that commonly seen in many works with acid or base-catalyzed process, 6:1 to 30:1, was used,26 because in previous tests the molar ratio of 50:1 (alcohol:oil) presented good ester conversions. The results for the methyl transesterification of soybean oil, obtained by HPSEC analysis, can be seen in Table 3. Pure soybean oil was also analyzed and the analysis showed that the oil contained 98.27% of triacylglycerols (TAG), being free of monoacylglycerols, diacylglycerols or methyl esters (Exp. 1). An analysis of the oil thermal conversion used as a control reaction (carried out in the absence of any catalyst) also showed similar results to Exp. 1, evidencing that under reflux conditions, there is no noticeable conversion of soybean oil into methyl esters (Exp. 2).
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  Calcium, strontium, barium and zinc monoglycerolates converted 62.79, 99.20, 99.00 and 0.79% of soybean oil tryacylglycerols into methylesters already in the first reaction cycle (Experiments 3, 6, 7 and 8, respectively). The two phases of calcium diglycerolates presented very good conversions: 98.63% for CaDGly-1 (Exp. 4) and 99.90% for CaDGly-2 (Exp. 5).

  These behaviors can be partly explained in terms of solid basicity, which was verified by the qualitative tests using 2 drops of phenolphthalein and tropaeolin 0 at 1% in alcoholic solutions in 10 mg of the solids. For all alkaline earth glycerolates, color change to respective basic indicator form and pHs between 8 and 11 were observed, while for zinc monoglycerolate, a pH lower than 8 was obtained and no color alteration was verified. Despite ZnMGly, due to the lower basicity, not presenting any activity under reflux conditions, comparing with the other investigated glycerolates, it could be very active at higher temperatures in a closed system, as recently reported.25

  Analyzing the solids recovered after each reaction by XRPD it is possible to explain another observed tendency that has influence in the activity of these solids. Figure S3 shows the X-ray powder diffraction patterns of each compound after the methyl transesterification of soybean oil.

  It can be clearly seem that only for compounds CaMGly, CaDGly-1 and ZnMGly the structure is preserved after the reactions (Figures S3a, b and e), but for the first and the second ones, calcium carbonate was segregated. The samples CaDGly-2 (phase exposing the 200 plane) and SrMGly were completely decomposed to a mixture of carbonate or hydroxide of the respective metals. The solid BaMGly was dissolved in the reaction medium, and consequently was not recovered after the first reaction.

  The stability of these solids in the reaction medium is connected with the high basicity of each one, temperature and moisture present in the solids. The alkoxides can hydrolyze easily at high temperatures, forming the corresponding metal hydroxides and/or salts.12

  For both CaDGly-1 and CaDGly-2 the different stability could be explained in terms of preferred orientation for each crystal structure. While CaDGly-1 has the crystals exposing more at (111) plane, CaDGly-2 has the main plane exposed (200) and this surface must be more energetic than the others, as will be discussed later, in the reuse study for CaDGly-1. Léon-Reina et al. also proposed that the basal (h00) surface can be responsible for the high activity of calcium diglycerolate,19 but the crystals obtained exposing these planes are less stable than the crystals exposing the (111) planes, as seen in Figure S4.

  Based on the conversion results for methyl transesterification of soybean oil and structure stability, reuse tests were performed to see which ones maintained the activity after the first reaction cycle. Also, other compounds of alkaline earth metals and glycerolates, like salts (soluble in methanol) and hydroxides, were tested to evaluate if the probable products of decomposition had any influence in the observed ester conversions (Table 4).
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  During the reuse tests for all glycerolates that were recovered after and presented activity at a first reaction, the decay in conversion rate for monoester production was found out and the results were compared with those in Table 3 (Table 4). For calcium and strontium monoglycerolates and calcium diglycerolate (phase CaDGly-2) were observed conversions of 29.57% (Exp. 9), 45.0% (Exp. 12) and 0.0% (Exp. 11), respectively, while the calcium diglycerolate (phase CaDGly-1) maintained a value very close to the first reaction, 98.66% (Exp. 10).

  The decreases in monoester conversion observed for the reuse tests (Table 4) could be explained by the total decomposition or segregation of some inactive phase in the initial stages of decomposition, as seen in Figure S4.

  For calcium monoglycerolate, a calcium carbonate phase was segregated and for calcium diglycerolate (phase CaDGly-2), it was completely decomposed after the first reaction cycle. These facts probably affected the activity of the solids, because as seen in Table 4, Exp. 15, at reflux condition, calcium carbonate was inactive as well as the other decomposition products of CaDGly-2 (calcium oxide (Exp. 18) and hydroxide (Exp. 16)).

  The commercial and untreated CaO was inactive in the transesterification of soybean oil, which becomes active after a thermal treatment to remove surface calcium hydroxides and carbonate.27 Hence, it seems that the batch used in this study was inactivated by a surface reaction with moisture and carbon dioxide and these could only be eliminated by activation at high temperatures (calcining).

  For strontium monoglycerolate (SrMGly), the observed drop in catalytic activity can also be explained by the XRPD pattern of the solids recovered after the first reaction cycle together with results shown in Table 4. Figure S3 shows that the compound structure was not preserved and a mixture of SrO and Sr(OH)2 was segregated. Therefore, in spite of the Sr(OH)2 inactivity (see Table 4, Exp. 22) the presence of SrO retained part of the catalytic activity of the reaction system because this species was shown to be active in the transesterification of soybean oil as well (Exp. 19, on Table 4).28 An experiment was performed with SrCO3, an expected decomposition product of SrMGly, but no measurable activity was observed (Exp. 20).

  Reuse tests for zinc and barium monoglycerolates were not performed because the first one was not active and the second one was dissolved in the first reaction cycle.

  Whereby calcium diglycerolate, CaDGly-1 showed good activity and stability after the first reaction, one replicate of the experiment carried out at room temperature (around 21 ºC) was performed in duplicate. These tests led to conversion close to 94% in a single reaction stage. This is a very promising result if compared to the traditional catalysts used in homogeneous medium, suc as sodium methoxide, where similar conversions were achieved at 60 ºC for reactions performed for 1 hour.29 Another advantage of CaDGly-1 is the easy separation of the catalyst from the reaction medium, which is performed by simple filtration or centrifugation.

  Reuse tests for CaDGly-1

  As the phase CaDGly-1 showed the best performance in the methyl transesterification of soybean oil, in conditions of the experiments 4 and 10 (Tables 3 and 4) and its structure remained practically unchanged (see Figure S3), five consecutive cycles of use were performed under the same conditions used in the first cycle (Table 5). However, after each cycle of reaction, some small adjustments had to be made in order to keep the reaction conditions unchanged, because it was difficult to recover the entire quantity of the catalyst after each reuse, mainly due to physical mass losses. All reused solids were also investigated by XRPD after each reaction cycle (Figure S4).
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  The results obtained for the first use, first reuse and second reuse cycles (Exp. 23, 23a and 23b, respectively) were higher than 95%. However, in the third cycle of reuse (Exp. 23c) the conversion was reduced to 82.8% and became undetectable afterwards (Exp. 23d). This behavior can be explained by the XRPD patterns of the recovered solids, registered after each cycle of use (Figure S4).

  It can be clearly seen that, after the first reaction (Exp. 23, Figure S4a), the diglycerolate CaDGly-1 remains stable without great segregation of calcium carbonate. After the first reuse (Exp. 23a, Figure S4b) the compound presents a decrease in intensity of the (200) diffraction peak, but the diglycerolate is still present, together with the decomposition products, Ca(OH)2 and CaCO3.

  After the second reuse (Exp. 23b) the (200) peak from diglycerolate CaDGly-1 vanishes completely (Figure S4c) and an increased amount of nanostructured calcium hydroxide and carbonate was verified. For the third reuse (Exp. 23d) we still have the same solid phase obtained after de second reuse (Figure S4d), but the segregated phases of calcium carbonate and hydroxide become the main components of the mixture, which reduce the ester conversion from 95 to 82.8%.

  Finally, the fourth reuse cycle (Exp. 23d, Figure S4e) shows only the decomposition products and the activity drops to almost zero due to the inactivity of these compounds (Table 4, Exp. 15 and 16).

  The systematic decrease in intensity of the (200) peak can be attributed to the preferred attack of the crystal of CaDGly-1, which shows that this plane, although more active as discussed by Léon-Reina et al.,19 is also more unstable.

  The observed formation of calcium carbonate and calcium hydroxide was expected since all reactions were carried out under air not free from CO2 and moisture. As CO2 has an acid behavior and can react with calcium diglycerolate and the moisture present can hydrolyze the alkoxide, both processes lead to the destruction of the catalyst. Kouzu et al. showed an unaltered structure for calcium diglycerolate after transesterification of soybean oil under nitrogen for three cycles of use.8 As our aim is to develop potential catalysts for industrial application and air free of carbon dioxide or moisture is difficult to be imagined in an industrial plant, we did not investigate the stability of our compounds under dry nitrogen flow. In addition, metal methoxides or the compound calcium-X were never observed nor isolated in any of the investigated chemical synthesis/reactions.9,10

   

  Conclusions

  Strontium, zinc and barium were synthesized as monoglycerolates, while calcium was obtained as monoglycerolate and two different forms of diglycerolate, CaDGly-1 and CaDGly-2, the first one exposing the basal plane (200) and the other one exposing the (111) plane.

  Except for zinc monoglycerolate that did not show any activity, and calcium monoglycerolate that presented a partial conversion of 62.79%, all compounds demonstrated to be active for the methyl transesterification of soybean, with almost total conversions. After the first reuse cycle, only calcium diglycerolate in the form CaDGly-1 showed a good catalytic activity and structure maintenance. This compound also presented good value for activity until a third reuse cycle (82.8%) and after that, being completely decomposed into a mixture of inactive calcium carbonate and hydroxide.

  The decomposition after a third reuse cycle is not a great problem because the compounds formed could be calcined to reform the calcium oxide (CaO) and the glycerol synthesized as co-product in methyl transesterification of soybean oil can be used to react with calcium oxide to obtain a new batch of calcium diglycerolate.

  Another aspect that should aggregate value to the obtained methylesters is the high purity of the obtained glycerol, which in the present work, without any purification step, is in the range of 90-93%.

  Works are under way to try to stabilize and immobilize the active phases and optimize the work for a potential industrial application.

   

  Supplementary Information

  Supplementary data (Figure S1, XRPD patterns; Figure S2, FTIR spectra; Figure S3, XRPD patterns; Figure S4, XRPD patterns) are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Uma nova abordagem para introdução de amostras utilizando uma câmara de nebulização de baixa pressão foi empregada para a determinação de Hg e outros elementos por espectrometria de massa com plasma indutivamente acoplado. O sistema consiste de uma camara de nebulização ciclônica conectada a um nebulizador e a um tubo de sucção. A taxa de sucção, otimizada em 0,3 L min-1, foi utilizada para induzir a baixa pressão no interior da câmara de nebulização. Não houve diferenças nos parâmetros do plasma, avaliados antes e após a aplicação da sucção; no entanto, a vazão de gás de nebulização foi ligeiramente afetada. O efeito de memória para Hg foi reduzido utilizando a câmara de nebulização de baixa pressão e limites de detecção na ordem de µg L-1 foram obtidos para todos os elementos. Amostras de referência certificadas foram analisadas obtendo-se boa concordância com os valores certificados.

  

   

  
    A new sample introduction setup employing a low pressure spray chamber was applied for Hg determination simultaneously to other trace elements by inductively coupled plasma mass spectrometry. The system consists of a cyclonic spray chamber connected to a nebulizer and to a suction tube. A suction rate, optimized at 0.3 L min-1, was employed to induce reduced pressure inside the spray chamber. The plasma parameters were evaluated without and upon application of the low pressure spray chamber, and the only affected parameter was the nebulizer gas flow-rate. Memory effect for Hg was dramatically reduced using the low pressure spray chamber. Detection limits were obtained in the µg L-1 range for all elements. Digested certified reference samples were analyzed using the proposed system, and good agreement between certified and obtained values was achieved for all elements.
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  Introduction

  Despite the wide applicability of inductively coupled plasma mass spectrometry (ICP-MS) for trace elemental determination, the analytical process may be hindered in some cases by the presence of interferences and elemental particularities.1-3 Mercury is probably the most important example due to its peculiar characteristics, which include high ionization energy and high volatility, enabling the formation of elemental Hg vapor inside the spray chamber.4 Mercury is widely recognized as a major environmental pollutant and health hazard for humans and animals. Environmental contamination is mostly derived from metallurgy, gold extraction from mines and production of chemicals.5 Health hazard effects associated to Hg depend on the chemical form of the element, and include damage to kidney and to the immune system, in addition to cardiovascular and nervous system 
    diseases.6,7

  Mercury determination is usually carried out by chemical vapor generation (CVG) associated with techniques that include atomic ﬂuorescence spectrometry,8 inductively coupled plasma mass spectrometry (ICP-MS) and atomic absorption spectrometry.9,10 Depending on the specific application, CVG may also be associated to separation techniques, such as gas chromatography and high performance liquid chromatography.11 Despite the well-known ability of these techniques to carry out Hg determination, most of these approaches are typically monoelemental, although some authors have reported on the use of basic ICP-MS instrumentation to perform simultaneous determination of Hg and other elements. In general, the use of oxidants such as Au and washout steps are required to decrease the memory effect.12-15 It is a fact that Hg determination suffers from severe memory effects, which are mostly due to the retention of Hg vapors inside the spray chamber.16-18

  Despite the ability of reducing the memory effect for Hg determination that arises from the use of AuCl3, 2-mercaptoethanol, cysteine or other washout solutions,19,20 problems that include deposition of Au and C on the cones surfaces, spectral interferences due to polyatomic ion formation and even health hazards associated to the handling of toxic chemicals such as 2-mercaptoethanol have to be considered.19 Hence, the aim of this work was to evaluate the efficiency of a low pressure spray chamber on reducing the memory effect for Hg determination by ICP-MS using a conventional concentric nebulizer, with the possibility to determine Hg simultaneously to other elements.

   

  Experimental

  Instrumentation

  An ICP-MS equipment model Elan 6000 (Perkin Elmer-Sciex, Thornhill, Canada) coupled to a Meinhard nebulizer (MN) from Glass Expansion (West Melbourne, Australia) and a customized cyclonic spray chamber were employed in all experiments. The operating parameters of the ICP-MS instrument are listed in Table 1. Argon (99.996%) (White Martins, São Paulo, Brazil) was used as plasma and aerosol carrier gas.

  
    

    [image: Table 1. Operating parameters of the ICP-MS instrument]

  

  The cyclonic spray chamber was connected to a nebulizer and to a polytetrafluoroethylene (PTFE) suction tube according to the scheme presented in Figure 1. The system was adapted to a suction tube, which is placed parallel to the nebulizer inlet and inserted into the cyclonic spray chamber. An intermediate flask (Figure 1A) containing a cotton ball saturated with a 10 mg L-1 Au solution was used, which can oxidize the Hg0 to Hg2+ and then prevent gaseous Hg from reaching the lab atmosphere.21 Following the intermediate tube, a gas flow controller (Figure 1B) (Cole-Parmer, Illinois, USA) was adapted in order to control the suction rate induced by a model TE-058 vacuum pump (Figure 1D) (Tecnal, São Paulo, Brazil).

  
    

    [image: Figure 1. Schematic representation of the low pressure]

  

  Microwave-assisted digestion of the samples was carried out in a MLS-1200 MEGA microwave-assisted digestion station (Milestone, Sorisole, Italy).

  Reagents, standards and samples

  All reagents used were at least analytical grade. Nitric acid (Merck, Darmstadt, Germany) was purified by double sub-boiling distillation in a quartz still (Kürner Analysentechnik, Rosenheim, Germany). Deionized water was obtained from a Milli-Q system (Millipore, Bedford, MA, USA) at a resistivity of 18.2 MΩ cm. A stock multi-element standard solution ICP-3 (Perkin-Elmer) and individual stock standard solutions containing 1000 mg L-1 Rh (Sigma-Aldrich, St. Louis, USA), 1000 mg L-1 Hg (SpecSol, São Paulo, Brazil) and hydrogen peroxide 30% m/m (Merck) were used.

  Five certified reference materials were used to attest the accuracy of the procedure. Lobster Hepatopancreas (TORT-2), Dogfish Liver (DOLT-4) and Fish Protein (DORM-3) were acquired from National Research Council Canada (Ottawa, Canada); Pine Needles (SRM 1575) was provided by NIST (Gaithersburg, USA) and Pig Kidney (BCR 186) was acquired from IRMM (Geel, Belgium).

  Procedures

  The spray chamber gas suction-rate, RF power and nebulizer gas flow-rate were all optimized using a solution containing 10 µg L-1 each of As, Cd, Cr, Cu, Hg, Mg, Mn, Pb, Se, V and Rh in 0.14 mol L-1 HNO3.

  The signal stability study was carried out for 20 min, with signal readings every two minutes. Evaluation of the memory effect was carried out identically, except for blank solutions, which were evaluated for a total of 10 min, with one minute steps.

  Microwave-assisted digestion of certified reference samples was carried out by weighing about 100 mg of each sample and mixing with 6 mL HNO3 and 2 mL H2O2 in perfluoroalcoxy (PFA) ﬂasks. Afterwards, the mixture was heated in a microwave station as follows: 2 min at 250 W, cooling for 2 min, 6 min at 250 W, 5 min at 400 W, 5 min at 600 W and cooling for 10 min. The resulting solutions were diluted to 30 mL with deionized water. Blank solutions were submitted to the same analytical procedure as the samples.

  All measurements were carried out using 10 µg L-1 Rh as an internal standard, and the monitored isotopes were 75As, 111Cd, 52Cr, 63Cu, 202Hg, 24Mg, 55Mn, 208Pb, 82Se, 51V and 103Rh.

   

  Results and Discussion

  Evaluation of suction rate, RF power and nebulizer gas flow-rate

  The effect of the suction rate of the spray chamber on the analytical signal is shown in Figure 2. As expected, increasing suction rates result in decrease of the analytical signal for all isotopes, with a sensitivity reduction higher than 80% for 82Se, 208Pb and 55Mn at 0.5 L min-1. This decrease in the analytical signal is mostly due to the fact that part of the aerosol arising from the nebulizer is drained from the interior of the spray chamber and prevented from reaching the plasma. In order to establish the optimum suction flow rate, a solution containing 10 µg L-1 of each analyte in 0.14 mol L-1 HNO3 was aspirated for 20 min and the suction rate was varied. The results (Figure S1)demonstrate that suction rates lower than 0.3 L min-1 are insufficient to reduce the memory effect for Hg, whereas pronounced total count loss was detected with higher suction flow rates. Concomitantly, the withdrawal of gas from the spray chamber may lead to modification of the plasma conditions. Hence, 0.3 L min-1 was selected as the optimum suction rate for subsequent studies.
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  Optimizations of RF power and nebulizer gas flow-rate were carried out without suction and with a suction flow-rate of 0.3 L min-1 in the cyclonic spray chamber. The optimum RF power (1200 W) was identical under both conditions, which suggests that the suction promoted little or no change in the plasma energy.

  A similar situation was observed for the nebulizer gas flow-rate, which was kept under the same optimum value (1.0 L min-1), regardless of the spray chamber pressure. The only significant difference was observed when higher nebulizer gas flow-rates were applied, resulting in more pronounced signal drop, which is likely due to a carryover effect associated to the removal of substantial amounts of the aerosol cloud upon application of suction into the spray chamber.

  Evaluation of signal stability and memory effect

  A short-term signal stability study was conducted for a series of analytes at 10 µg L-1; the results are shown in Figure 3. The analytical signal increased up to about 45% of the initial analytical signal for 202Hg+, with a spray chamber operated at atmospheric pressure after continuous aspiration for 20 min. This increase is related to retention of Hg vapor inside the spray chamber, promoting its accumulation and a considerable memory effect;4,22 analyte adsorption onto the chamber walls is also likely to play an important role in this process. Upon application of suction to the spray chamber (Figure 3b), the analytical signal remained approximately stable over time, which is due to the constant removal of Hg vapor from the spray chamber promoted by the negative pressure difference. It is noticeable, however, that the overall signal stability is affected by the reduced pressure, which is caused by the instability of the flow controller, an effect that could be easily corrected by the use of an internal standard, as shown in Figure 3c. Upon adoption of Rh as an internal standard and reduced pressure on the spray chamber, variation of the analytical signal was reduced to about 5% of its mean value for all isotopes.
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  The evaluation of the memory effect was carried out after continuously aspirating a solution containing the analytes for 20 min. After ceasing the aspiration of the solution, the residual signal generated by the aerosol which remained inside the spray chamber, characterizing the memory effect, was measured for 10 min in one min steps. Memory effects were negligible for all elements with or without induced pressure drop inside the spray chamber, with the exception of 202Hg+ (Figure 4). For this element, with the spray chamber maintained at atmospheric pressure, approximately 18% of the analytical signal could be detected even after 12 minutes without aspirating any solution whatsoever (Figure 4a). The insertion of a washout step using deionized water resulted in a decrease of approximately 27% in the analytical signal one minute latter (Figure 4b), evidencing a pronounced memory effect. Application of a suction flow-rate to the spray chamber, immediately after ceasing aspiration of the analytical solution, resulted in detection of a residual signal, although it represented only ca. 10% of the analytical signal obtained for the aqueous standard, i.e. , the memory effect was reduced by a factor of about five. It was noticed, however, that after 8 min of readings without aspirating any solution, an increase of about 60% in the analytical signal was observed (Figure 4c), which may be related to evaporation of residual solution that remained deposited on the spray chamber inner walls. This results in the release of Hg vapor, induced also by the pressure drop, generating a residual signal. In order to prevent this effect, deionized water was aspirated continuously after ceasing aspiration of the analytical solution, which kept the residual signal for Hg compatible with the one obtained for a blank solution (Figure 4d). This can be considered as a simple and efficient measure to definitely reduce the memory effect for Hg, allowing low and temporally-stable signal for blank solutions to be obtained.

  
    

    [image: Figure 4. Evaluation of the memory effect]

  

  Figures of merit

  All measurements were carried out using Rh as the internal standard at a final concentration of 10 µg L-1. The correlation coefficients obtained for all calibration curves were equal or superior to 0.999. Instrumental detection limits (LOD) (Table 2) were determined as three times the standard deviation of 10 readings of a blank solution with or without spray chamber operation at reduced pressure, divided by the slope of the calibration curve.23 Despite the fact that the reduced pressure of the spray chamber resulted in a decrease of the analytical signal for all elements, no significant differences were observed on the LODs, and low LODs were obtained for both systems, in the µg L-1 range, demonstrating that the reduced pressure does not provide negative effects in the analysis using ICP-MS. It becomes apparent that, although the sensitivity is reduced upon operation of the spray chamber at reduced pressure, the precision is somewhat improved as to compensate for the sensitivity loss.
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  Analytical application

  Five certified reference materials were digested and analyzed upon application of the proposed method. In order to avoid losses of Hg after digestion, the PFA vessels were completely cooled down to room temperature before opening and the solutions were stored at 5 ºC by a maximum of two days until analysis.

  The results, shown in Table 3, are in agreement with the certified values for all elements, except for Cr, according to a t-test at a 95% of confidence level. Chromium determination was hindered by the presence of polyatomic interference from 40Ar12C+, which is believed to be formed due to the residual carbon content of the digested samples. Despite the instability from the flow controller, the use of Rh as an internal standard was proven efficient to enable relatively low standard deviations for all elements, except for Hg in the TORT-2 sample, for which a 50% RSD was determined, due to the fact that the Hg concentration in this sample is close to the LOD of the method.
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  Conclusions

  Operation of a spray chamber under low pressure conditions leads to a reduction in the amount of aerosol that effectively reaches the plasma, leading to reduced sensitivity for all elements. However, the system allowed to reduce the well-known memory effect for Hg, enabling its determination without compromises and concomitantly to other elements. Instability of the measurements due to oscillations in the flow rate controller can be efficiently corrected using Rh as an internal standard. Water aspiration after aspirating analyte solutions is required to avoid the evaporation of Hg from the spray chamber walls. The use of a reduced pressure spray chamber allowed the determination of all the evaluated elements, including Hg, with detection limits in the order of µg L-1. The system is inexpensive and can be easily operated and adapted to virtually any commercial ICP-MS instrument.

   

  Supplementary Information

  Supplementary data (Figure S1) is available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Neste trabalho são apresentados os resultados da síntese de nanocompósitos baseados em amido termoplástico (TPS) reforçado com nanofitas de celulose bacteriana (BC). A síntese foi feita por fermentação in situ e formação de ligações cruzadas. A fermentação para a obtenção das nanofitas foi conduzida por sete dias empregando a bactéria colombiana nativa Gluconacetobacter medellinenses; os nanocompósitos foram plasticizados com glicerol e as ligações cruzadas foram formadas com ácido cítrico. Os nanocompósitos obtidos depois destes sete dias de fermentação foram caracterizados por análise termogravimétrica (TGA), espectroscopia na região do infravermelho com transformada de Fourier com refletância total atenuada (FTIR-ATR) e microscopia electrônica de varredura (SEM). Observou-se que, ao longo da fermentação, a porcentagem de reforço nos nanocompósitos permaneceu constante. Os novos nanocompósitos 
      TPS/BC apresentaram uma forte adesão interfacial e uma maior estabilidade térmica e aquosa, assim como propriedades mecânicas melhoradas. Os resultados obtidos aumentam consideravelmente as possibilidades de aplicação do amido na indústria de embalagens.

  

   

  
    In this paper, a nanocomposite based on thermoplastic starch (TPS) reinforced with bacterial cellulose (BC) nanoribbons was synthesized by in situ fermentation and chemical crosslinking. BC nanoribbons were produced by a Colombian native strain of Gluconacetobacter medellinensis; the nanocomposite was plasticized with glycerol and crosslinked with citric acid. The reinforcement percentage in the nanocomposites remained constant throughout the fermentation time because of the TPS absorption capability of the BC network. Nanocomposites produced after fermentation for seven days were characterized using thermogravimetric analysis (TGA); Fourier transformed infrared spectroscopy with attenuated total reflectance (FTIR-ATR), mechanical testing and scanning electron microscopy (SEM). The new TPS/BC nanocomposites exhibit strong interfacial adhesion, improved thermal behavior, water stability and enhanced mechanical properties. These findings support the applications of starch in the packaging industry.

    Keywords: nanocomposite, thermoplastic starch, bacterial cellulose, in situ fermentation, chemical crosslinking

  

   

   

  Introduction

  Currently, the use of renewable resources is becoming more prominent because of the inherent beneficial impacts in the agricultural, economic and environmental fronts.1 In the packaging industry, biopolymers, such as polylactic acid, starch and cellulose, are replacing traditional synthetic polymers at increased levels, for example, in diverse products that include optically transparent cellulose nanocomposites2 and antimicrobial starch films.3 In fact, starch and cellulose are widely available polymers that can be obtained at low cost and are biodegradable;4,5 they consist of glucose units linked by β-1,4- and α-1,4-glycosidic bonds, respectively.6

  Thermoplastic starch (TPS) is one of the most useful and promising materials in packaging.7 In TPS plasticizers, such as water or glycerol, are introduced to facilitate the disruption of intermolecular chain interactions7 that otherwise impart native starch with a melting point temperature that is substantially higher than its decomposition temperature. Ethylene glycol and urea,8 as well as certain sugars, such as sorbitol,9 fructose, glucose, mannose, and galactose,10 have also been successfully used as the plasticizer agent.

  Efforts in TPS synthesis are mainly directed to increasing its mechanical properties, reducing the viscosity and enhancing the casting performance for easier TPS processing. These efforts are required because TPS derivatives are frequently brittle and water-sensitive,11 which are features related to the random growth of amylose crystals.12 Recently, nanocomposites reinforced with cellulose nanofibers were developed to address a number of the issues indicated above.4,6,11

  A good interphase is expected between cellulose and starch, given their similar structures.6 However to achieve high nanocomposite strength, good dispersion between the constituent elements is important. This condition also limits the water uptake capacity of starch and its macromolecular reorganization.1 For these reasons, in situ self-assembly techniques13 are the most appropriate processes to obtain thermoplastic starch nanocomposites, especially because the web-like network of BC is maintained using such tecniques.14

  Gluconacetobacter sp genus bacteria can produce self-assembled nanocomposites of bacterial cellulose (BC) by in situ fermentation.15,16 This process enables the formation of BC nanocomposites with bioactive agents and synthetic monomers, as well as polymers, metals and metal oxides.17 The primary subject the present investigation is the use of TPS as the polymer matrix in the Gluconacetobacter culture media to produce nanocomposites.

  Crosslinking is used to enhance the mechanical properties and water stability of starch by covalent bond formation during the process.18 Scheme 1 shows the crosslinking reaction with carboxylic acid; the first step is the molecular dehydration of the acid followed by the reaction of esterification. This mechanism was proposed for cellulose, but the research results of Reddy and Yang18 suggest that it also applies to starch.
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  The primary scientific contribution of this paper is the use of a Colombian native bacterium (Gluconacetobacter medellinensis)19 in the development of in situ TPS/BC nanocomposites using the bioengineering capability of the microorganism followed by chemical crosslinking.

   

  Experimental

  Materials

  Potato starch, composed of amylose (32.8%) and amylopectin (67.1%), was provided by Almicor Industries Ltd. (Bogota, Colombia). USP grade glycerol was provided by Protokimica (Medellin, Colombia). Analytical grade citric acid, Na2HPO4, NaH2PO4, peptone, yeast extract and glacial acetic acid were supplied by Laboratorios Ltda. (Medellin, Colombia); all the reagents used are not toxic to the bacteria.

  In situ nanocomposite synthesis

  To synthesize the nanocomposites in situ, 500 g of Hestrin and Schramm culture medium (HS)20 was used, and the following components were added: starch (4%) as the matrix of the nanocomposite, glycerol (2%) as the plasticizer, citric acid (0.24%) as the crosslinking agent and NaH2PO4 (0.12%) as the catalyst of the chemical crosslinking.18 The pH was adjusted to 3.6 with glacial acetic acid. Next, the culture medium was placed on a heating plate at 90 ºC (20 minutes, 1500 rpm) to achieve the first starch gelatinization. Finally, the broth was inoculated with a recently isolated strain of Glucanacetobacter medellinensis (15%).19 Fermentation was performed at room temperature throughout 7, 10 and 13 days for different samples in static flasks of 80 g each.

  A neat matrix was also prepared as a control. In this case, the culture medium was prepared as indicated above for the nanocomposite, and 25 g of the inoculated broth was subsequently placed on Petri dishes (10 cm diameter); finally, the crosslinking of the nanocomposite and the neat TPS matrix was performed, as mentioned in the next section.

  Nanocomposite and neat matrix chemical crosslinking

  At the end of the fermentation, the respective system was removed from the culture medium and then was crosslinked with citric acid and NaH2PO4 as catalyst. The procedure was performed as follows: the films were transferred to an oven at 50 ºC for 48 h, and then they were hot pressed (2000 psi) at 165 ºC for 5 minutes.18

  Dry weight of the nanocomposites

  The production of cellulose by the bacteria and the amount of reinforcement in the nanocomposites were determined at the end of the fermentation. Six fermentations were performed: three were used to determine the weight of the final nanocomposite, and the other three were used to determine the amount of cellulose in the nanocomposites after fermentation. Non-crosslinked nanocomposite samples (NCS) were immersed in 5% KOH solution for 14 h and rinsed to neutral pH with distilled water to solubilize the starch, peptone and other compounds of the culture medium, leaving the nanocellulose film from which the cellulose amount was determined gravimetrically. This weight was taken as the amount of reinforcement. The same procedure was performed to evaluate the effect of the presence of the different additives in BC production at 7, 10 and 13 days.

  Qualitative solubility test

  NCS and crosslinked samples (CS) were placed in containers with 500 mL of distilled water under static conditions for 48 h. To evaluate the crosslinking grade, water was frequently changed, and images of the systems were collected to monitor the progress of solubilization.

  Thermal properties

  Thermogravimetric analyses were performed by using a Mettler Toledo TGA/SDTA 851e instrument in a nitrogen atmosphere at 40 mL min-1 and a heating rate of 10 ºC min-1. The samples were heated from 30 to 800 ºC.

  Infrared spectroscopy

  Infrared spectroscopy experiments were performed using a Fourier transform infrared (FTIR) Nicolet 6700 series spectrometer equipped with a single-reflection attenuated total reflectance (ATR) and a type IIA diamond mounted tungsten carbide. The diamond ATR had an approximate sampling area of 0.5 mm2 and applied a consistent, reproducible pressure to every sample. The infrared spectra were collected with a 4 cm-1 resolution, and 64 scans were performed.

  Mechanical properties of the nanocomposites

  Young's modulus and tensile strength were determined for nanocomposite samples produced after seven fermentations days (NCS and CS), as well for the neat matrix and the reinforcement (TPS and BC). The mechanical properties were evaluated with tensile tests performed in an Instron 5582 Universal Testing Instrument, equipped with a 50 N load cell, with a crosshead speed of 25 mm min-1. Six repetitions were performed per sample using rectangular strips (5 mm × 19 mm).

  Scanning electron microscopy (SEM) of nanocomposites

  SEM was used to study the morphology of samples after cryo-fracture. The samples were coated with gold/palladium using an ion-coater and imaged with a Jeol JSM 5910 LV microscope operated at 10 kV.

   

  Results and Discussion

  BC production in a TPS-modified culture media

  The weights of cellulose (dry basis) produced at 13 fermentation days in an HS medium (0.32 ± 0.01 g) and in an HS medium modified with TPS (0.21 ± 0.06 g) were compared. A total weight reduction of 33% was noted when the culture media was modified with TPS; this effect is explained by the fact that TPS increases the viscosity and limits the molecular diffusivity of oxygen in the aqueous phase.21

  The BC production increases with time in an HS medium modified with TPS. The highest cellulose production was obtained at 13 days of fermentation; however, the amount of cellulose with respect to the TPS in the final materials was maintained, regardless of the fermentation time. Consequently, the weight percentage of reinforcement remains fairly constant throughout the fermentation (Table 1).
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  This effect is explained by the tendency of BC to absorb the matrix in the growing network.22 For subsequent analysis, the nanocomposites obtained after seven fermentation days were used, which incorporated 16.6 ± 1.5% of BC. Prior to seven days of fermentation, no significant BC growth was noticeable.

  Qualitative solubility test

  Photographic images were used to verify the chemical crosslinking of TPS after immersion in distilled water. Figures 1a and 1b show the NCS and CS, respectively, after 5 h water rinsing, and Figures 1c and 1d show the NCS and CS, respectively, after 48 h rinsing.
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  A considerable amount of the NCS was solubilized after 5 h. After 48 h, only a small residual solid amount was observed. The CS remains unchanged during the test, even after 48 h rinsing with distilled water. These results confirm the need for crosslinking to create covalent bonds in the matrix and reduce the water sensitivity, thereby increasing the mechanical strength of the nanocomposites,18 as will be discussed later.

  Thermal properties of the nanocomposites

  The thermal properties of the nanocomposites are summarized in the Table 2 for all the samples according to three main degradation events.
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  The first thermal event corresponds to water evaporation/dehydration, which begins immediately after the temperature is increased and finishes at approximately 100 ºC. The weight loss percentage in this event is dependent on the moisture content of each sample.6,7,13 The second event corresponds to glycerol decomposition,23,24 which is common for all the samples, excluding the BC ones.

  The third thermal event is due to the starch/cellulose decomposition, including depolymerization phenomena and the degradation of the glucopyranose units and their subsequent oxidation.4 This decomposition occurs at 280 ºC for TPS, 290 ºC for NCS and 300 ºC for the BC and CS nanocomposites. A thermal decomposition of TPS (from potato starch) was reported to occur at approximately 291 ºC.9 Martins et al. reported a thermal decomposition for TPS at 327 ºC; these authors also described an enhancement of the thermal stability of TPS, by 10 ºC, if reinforced ex situ with BC.11 In the present study, the increase of the temperature is approximately 20 ºC, due to an enhanced reinforcement capability resulting from the in situ method of fabrication, thereby offering an advantage as far as the improved thermal stability.25 For TPS, the thermal degradation temperature is shifted to higher temperatures upon incorporation of BC. Recently, Montoya et al. and Soykeabkaew et al. reported this behavior when TPS was reinforced with BC.6,23

  Infrared spectroscopy

  No distinctive differences were observed for the spectra of the nanocomposites (CS and NCS) and the TPS because they are comprised over of 83% of starch (see Figure 2).
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  In comparison with BC, the nanocomposites exhibit two differentiated zones: one from 3750 to 2750 cm-1 and another one from 2000 to 500 cm-1. In the first zone, a wide band centered between 3500 and 3250 cm-1 is observed, whereas the BC exhibits a narrow band at 3340 cm-1.

  These peaks represent stretching of the hydroxyl groups, which contribute to the vibratory complex associated to the inter- and intra-molecular bonds of the hydroxyl groups and are the basic structures for starch and for cellulose.26 In the nanocomposites, these bands are superimposed, and the wide band of starch masks the narrow band of cellulose.

  In the second zone, between the bands of 1500 and 1330 cm-1, the nanocomposites exhibit well-defined peaks due to the stretching of the CH, CH2 and –OH groups.13

  For CS, the crosslinking process is shown in the peaks centered at 1724 cm-1 due to the carboxyl and ester carbonyl bands;18 however, because all samples contain citric acid, which vibrate at the same band, the crosslinking process is hidden by its vibration. To confirm the chemical crosslinking, both qualitative solubility and mechanical tests were performed. The band at 1046 cm-1 is common for all the samples, corresponding to the C–O stretching of the C–OH in carbohydrates.26,27

  Mechanical properties of the nanocomposites

  Figure 3 shows the results for the tensile strength (Figure 3a), Young's modulus (Figure 3b) and the strain at break (Figure 3b) of the nanocomposites.
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  The crosslinked nanocomposite (CS) exhibits a tensile strength four times higher (5.65 ± 1.36 MPa) than for TPS (1.26 ± 0.05 MPa), whereas for the non-crosslinked nanocomposites (NCS) it is only three times higher (3.54 ± 0.39 MPa) than for TPS. Young's modulus is also enhanced: 715.82 ± 56.84 MPa for CS compared to 1.85 ± 0.15 MPa for TPS, i.e. , ca. 400 times higher. Montoya et al. recently reported a tensile strength of 7.8 ± 0.7 MPa and a Young's modulus of 247 ± 29.4 MPa using ex situ BC reinforcement.6 Moreover, Kaushik et al. reported a tensile strength of 6.75 MPa and a Young's modulus of 230 MPa; in this case, they processed exsitu cellulose nanofibers from wheat straw.28 The in situ processing has the advantage of enhancing the Young's modulus compared with the ex situ process.25 Nakagaito et al.29 confronted Young's modulus of phenol-formaldehyde/BC (in situ) nanocomposites against phenol-formaldehyde/microfibrillated BC ones (ex situ), and found that the Young's modulus was significantly higher, with a value of 28 GPa compared to 19 GPa for fibrillated pulp nanocomposites. The superior modulus value was attributed to the uniform, continuous, and straight nanoscale network-like cellulosic elements oriented in plane via the compression of BC pellicles.29

  Chemical crosslinking also increases the mechanical behavior of the nanocomposites; CS exhibits a tensile strength and Young's modulus 1.6 and 6.3 times higher than those for NCS, respectively (see Figures 3a and 3b). These values can be attributed to the effective stress transfer through the specimen because of the network formation after crosslinking.1,18

  Chemical crosslinking does not affect significantly the strain at break, Reddy and Yang and Jiugao et al. observed that this process enhances the strain at break of TPS,18,24 but according to Figure 3c, this effect was not clearly observed; however, the BC incorporation caused a considerable decrease in the elongation at break, up to ca. 125% for the NCS and CS. Researchers such as Martins et al. and Woehl et al. found similar results when BC cellulose was incorporated to a TPS matrix.11,30

  Scanning electron microscopy (SEM) of the nanocomposites

  Figure 4 shows the morphologies of the cryo-fracture surface of the nanocomposites and their components.
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  The fractured TPS surface (Figure 4a) was smooth without pores or cracks.31 For the BC (Figure 4b), a typical delamination is observed.32 For the nanocomposites of NCS and CS (Figures 4c and 4d, respectively), this observation is absent, indicating that the BC ribbons were homogeneously distributed through the matrix, acting as glue between BC layers in the nanocomposites. Likewise, the absence of pull-out BC ribbons demonstrates the strong interfacial adhesion between BC and the TPS matrix, and the lack of agglomerates demonstrates a good dispersion of the filler in the matrix. All of the above data provides a good indication of the structural integrity of the nanocomposite, in agreement with the increase in the mechanical properties of the matrix due to the presence of BC network as well as the in situ nanocomposite processing and chemical crosslinking, as discussed previously.31-33

   

  Conclusions

  A new nanocomposite was developed with a TPS matrix and bacterial cellulose as reinforcement using in situ processing and the bioengineering capability of a native strain of Glucanacetobacter medellinensis. The nanocomposite was plasticized with glycerol and crosslinked with citric acid; the improvement of the water stability and the enhancement of the mechanical properties of the CS confirm that the chemical crosslinking reaction (see Scheme 1) occurred.

  The nanocomposites exhibited a strong interfacial adhesion. The in situ BC reinforcement and chemical crosslinking allowed a higher thermal stability and improved the mechanical behavior of the nanocomposites compared to TPS (tensile strength of 5.7 ± 1.4 MPa and Young's modulus of 715.8 ± 56.8 MPa) because of the addition of in situ network-like nanoribbons and the formation of covalent bonds. According to these findings, it is concluded that the observed properties enable further applications of starch, such as packaging.
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    Nesse trabalho é reportada a possibilidade de usar diferentes mediadores tais como acetaminofeno, 4-aminofenol, 4-amino-2,6-diclorofenol e 4-amino-2,6-difenilfenol para detectar glutationa usando eletrodo de pasta de nanocarbono. A detecção é baseada na resposta eletrocatalítica envolvendo quinoneiminas geradas eletroquimicamente e a glutationa. O 4-aminofenol é o recomendado como sendo o mediador mais sensível visto que o limite de detecção obtido para glutationa 0,80 µmol L–1 foi o menor.

  

   

  
    We report the possibility to use different mediators such as acetaminophen, 4-aminophenol, 4-amino-2,6-dichlorophenol and 4-amino-2,6-diphenylphenol to detect glutathione using a nanocarbon paste electrode. The detection is based on the electrocatalytic response involving the electrochemically generated quinoneimines and glutathione. 4-aminophenol is recommended as the most sensitive mediator in terms of giving the lowest limit detection of 0.80 µmol L–1.

    Keywords: nanocarbon paste electrode, acetaminophen, 4-aminophenol, 4-amino-2,6-dichlorophenol, 4-amino-2,6-diphenylphenol, glutathione

  

   

   

  Introduction

  Glutathione is the most prevalent cellular thiol and the most abundant low-molecular-weight peptide present in cells. In the human body, the antioxidant properties of glutathione are well recognized.1 Glutathione acts as an antioxidant, participating in detoxification for xenobiotics and metabolism of numerous cellular compounds.2,3 Changes in glutathione concentration at the cellular level have been measured and linked to diseases such as cardiovascular diseases, aging, Parkinson's disease, Alzheimer's disease, diabetes and cancer.4-7

  Currently, the most popular method of detection of glutathione is based on high performance liquid chromatography (HPLC) because of its high sensitivity and selectivity.8-10 However, HPLC based methods have some disadvantages such as low response, the need for sample preparation, high cost and complaints of use. Electroanalytical methods11 have also been cited using modified electrodes12,13 and mediators.14-16 The purpose of this paper is to identify a range of different mediators that can be used to detect glutathione using a nanocarbon paste electrode. One of these mediators is acetaminophen and its reaction with glutathione is based on electrocatalytic response involving the electrochemically generated ortho-quinone and the target (Scheme 1).16 Similar mechanisms undergo the use of the other mediators studied in this paper.
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  The use of nanocarbon as an electrode material has recently been proposed offering similar advantages to other carbon electrodes but at close to zero cost.17-20 The advantages of using nanocarbon as an alternative electrode modifier for use in adsorptive stripping voltammetry were reported by Lo et al. . 17 In this case, the nanocarbon particles were cast onto a glassy carbon electrode. Lowinsohn et al.18 investigated the electrochemical behaviour of nanocarbon paste electrodes prepared by mixing nanocarbon and mineral oil.

  In this paper, we explore the electrocatalytic reaction between different mediators in order to detect glutathione using unmodified and modified nanocarbon paste. The electrocatalytic reaction between catechol and glutathione, cysteine, homocysteine and ascorbic acid using nanocarbon paste electrodes were investigated in a previous paper.21

   

  Experimental section

  Chemicals

  Acetaminophen or paracetamol (C8H9NO2, Aldrich, 98%), glutathione (C10H17N3O6S, Sigma-Aldrich), potassium phosphate dibasic (K2HPO4, Aldrich), potassium phosphate monobasic (KH2PO4, Sigma), nanocarbon particles (diameter 27 ± 10 nm, Monarch 430®, Cabot Performance), mineral oil (Aldrich) were used as received without further purification. Phosphate buffer solution (PBS) was prepared using the adequate amount of K2HPO4 and KH2PO4 salts. All solutions were prepared using deionised water of resistivity not less than 18.2 MW cm at 25 ºC (Millipore, Billerica, MA, USA). Prior to experiments, all solutions were purged through nitrogen (N2, BOC, Surrey) to remove oxygen from the system.

  Instrumental

  All electrochemical experiments were conducted at (25 ± 1) ºC using an Autolab (Eco Chimie, Utrecht, The Netherlands), with a standard three-electrode configuration consisting of nanocarbon or nanocarbon-acetaminophen paste as a working electrode, a graphite rod as a counter electrode and a saturated calomel electrode (SCE) as reference electrode. All experiments were performed at least three times.

  Preparation of nanocarbon and nanocarbon-acetaminophen paste electrode

  Nanocarbon paste: the carbon paste was prepared by hand pasting nanocarbon with mineral oil (55:45) using a pestle and mortar.18 The pastes were kept at room temperature until used.

  Nanocarbon-acetaminophen pastes: acetaminophen solution was prepared with a certain amount (ca. 10 mg) of solid acetaminophen dissolved in acetone. Acetaminophen is not soluble in mineral oil so acetone is employed to initially dissolve it. Nanocarbon-acetaminophen paste electrodes were prepared by hand pasting nanocarbon with mineral oil and an aliquot of acetaminophen solution using a pestle and mortar.

  For both pastes, unmodified and acetaminophen-modified, the material was packed into the well of the working electrode to a depth of 1 mm (Scheme 2). The surface exposed to the solution was polished using a weighing paper to give a smooth finish before use. The body of the working electrode was a Teflon tube tightly packed with the carbon paste. The electrical contact was provided by a copper wire.
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  Results and Discussion

  Electrochemical behaviour of acetaminophen in a presence of glutathione at nanocarbon paste electrode

  Acetaminophen (APAP) is electrochemically oxidized in a pH-dependent, 2-electron, 2-proton process to N-acetyl-p-quinoneimine (NAPQI) (Figure 1, curve a). In a previous paper,18 we characterized the electrochemical behaviour of acetaminophen at nanocarbon paste electrode, obtaining the formal potentials and kinetics parameters for the acetaminophen oxidation using BASi DigiSim Simulation Software.
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  In order to investigate the characterization of the reaction between the electrochemically generated quinone and glutathione, an experiment was carried out at a nanocarbon paste electrode using cyclic voltammetry (100 mV s–1). Figure 1 shows the cyclic voltammograms obtained in acetaminophen solution in absence (curve a) and presence of 50 mmol L–1 (curve b) and 100 mmol L–1 of glutathione (curve c). Figure 1, curve a, shows the oxidation of acetaminophen and the addition of glutathione (curves b and c) led to an increase in the height of the oxidation peak and a decrease in the magnitude of the reduction peak indicating an electrocatalytic reaction (Scheme 1).16 In this reaction, the acetaminophen undergoes an electrochemical oxidation to form quinone, which mediates the reduction of glutathione species, RSH, to a disulfide, RSSR. An analytical curve was obtained by plotting oxidation (Figure 2a) and reduction peak (Figure 2b) current against the concentration of glutathione. The results show that it is possible to quantify glutathione in both situations, but in the case of reduction peak, the detection is limited by the initial concentration of acetaminophen.
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  To increase the sensitivity of glutathione detection, square wave voltammetry was utilized. The experiment was carried out in the presence of 10 µmol L–1 acetaminophen (PBS, pH 7.5) using frequency at 10 Hz, step potential at 15 mV and amplitude at 50 mV. Figure 3 shows the square wave voltammograms of the APAP oxidation (a) and NAPQI reduction (b) in a presence of different concentrations of glutathione at nanocarbon paste electrode.

  
    

    [image: Figure 3. Square wave voltammograms of the APAP]

  

  An analytical curve was obtained by plotting oxidation and reduction peak current against the concentration of glutathione. The results obtained with square wave voltammetry are consistent with the results obtained with cyclic voltammetry. The analytical curve obtained for oxidation peak in a range between 0 to 5 µmol L–1 (i/A (µA cm-2) = 0.0622[GSH] (µmol L–1)) was less sensitive that one obtained for reduction peak in a range between 0 to 7.2 µmol L–1 (i/A (µA cm-2) = 0.14[GSH] (µmol L–1)), showing that the best way to quantify glutathione is to use the reduction. The limit of detection calculated using reduction peak was (0.96 ± 0.03) µmol L–1.

  Acetaminophen in nanocarbon paste: a reagentless approach

  A possible useful alternative to the method reported above is the use of acetaminophen mixed with nanocarbon paste to create a reagentless sensor. In this case, the experiment requires only the presence of the target to provide a signal and after polishing the paste and washed free of analyte, the sensor is ready for reuse.

  Different percentages of acetaminophen dissolved in the paste (0.3, 0.6, 1, 2, 4 and 10%) were used to make the paste electrode. Figure 4 shows cyclic voltammetric responses for 1% nanocarbon-acetaminophen paste in PBS (pH 7.5) at 100 mV s–1. In this case, similar electrochemical behaviour to acetaminophen in solution was observed. Three scans with the same paste are presented in Figure 4, showing that the electrode surface area is not reproducible (standard deviation is between 51 to 66%); this is probably due to the low amount of acetaminophen in the paste generating limited homogeneity. Because of this irreproducible signal from electrode to electrode, the absolute height of the oxidation or reduction peak cannot be used (without standard additions). To solve this problem, we decided to measure the ratio  between the oxidation (Io) and reduction (Ir) peak currents instead of working with absolute current values. Using this method, the standard deviation was 3% (n = 9).

  
    

    [image: Figure 4. Cyclic voltammetric responses]

  

  Figure 5 shows the analytical curve for glutathione response obtained with different percentages of acetaminophen dissolved in the paste. From the results obtained, we can conclude that nanocarbon paste with percentages of acetaminophen between 0.3% and 1% can quantify glutathione up to approximately 14 µmol L–1 and between 2% and 10% only more than 10 µmol L–1. This happens due to the limitation on the amount of acetaminophen dissolved into the paste. The limits of detection calculated for the different pastes were (1.68 ± 0.05) µmol L–1 (0.3%), (1.05 ± 0.05) µmol L–1 (0.6%), (1.09 ± 0.05) µmol L–1 (1%), (4.79 ± 0.19) µmol L–1 (2%), (1.89 ± 0.08) µmol L–1 (4%) and (23.8 ± 1.2) µmol L–1 (10%). These results show that the nanocarbon-acetaminophen paste electrode is efficient to quantify glutathione. This modified paste electrode has the advantage that is a reagentless sensor in comparison of nanocarbon paste electrode. However the latter, using acetaminophen in solution, gives a lower limit of detection.

  
    

    [image: Figure 5. Calibration curve for glutathione]

  

  Electrochemical behaviour of 4-aminophenol in the presence of glutathione at nanocarbon paste electrode

  The next mediator tested was 4-aminophenol (4-AP), the primary hydrolytic degradation product of paracetamol.22 First, cyclic voltammograms (Figure 6) were obtained in a solution containing 4-aminophenol and PBS (pH 7.5) using nanocarbon paste electrode at different scan rates (50-400 mV s–1).

  
    

    [image: Figure 6. Cyclic voltammograms of 4-aminophenol]

  

  Similar to paracetamol, the process in this case is attributed to the two-electron oxidation of 4-AP to the corresponding quinone species:

  
    [image: Formula 1]

  

  The inset in Figure 6 shows that the peak current increased linearly with the square root of scan rate, suggesting a diffusional process of 4-AP at this electrode. The 4-AP diffusion coefficient value was estimated as being 4.62 × 10-6 cm2 s–1. This is consistent with the value found in the literature (4.55 × 10-6 cm2 s–1).23

  In order to investigate the reaction between the electrochemically generated quinone and glutathione, an experiment was carried out at a nanocarbon paste electrode using cyclic voltammetry (100 mV s–1). The cyclic voltammograms obtained in 4-AP solution in absence of glutathione show only the oxidation of 4-AP. The addition of glutathione led to an increase in the height of the oxidation peak and a decrease in the magnitude of the reduction peak indicating an electrocatalytic reaction, resulting in a similar behaviour observed of the reaction with acetaminophen.

  The square wave voltammetry was also used. The experiment was carried out in the same conditions mentioned above. Figure 7 shows the square wave voltammograms of 4-quinoimine reduction in a presence of different concentrations of glutathione at nanocarbon paste electrode. The analytical curve obtained (inset Figure 7) in a range between 0 to 14.8 µmol L–1 was i/A (µA cm-2) = 0.174[GSH] (µmol L–1) and the limit of detection calculated was (0.80 ± 0.03) µmol L–1, showing that it is also possible to use 4-AP as a mediator to detect glutathione.

  
    

    [image: Figure 7. Square wave voltammograms]

  

  Electrochemical behaviour of 4-amino-2,6-dichlorophenol in the presence of glutathione at nanocarbon paste electrode

  The mediator 4-amino-2,6-dichlorophenol was next used to detect glutathione. In order to quantify GSH, the square wave voltammetry was carried out in the same conditions mentioned above. Figure 8 shows the square wave voltammograms of different concentrations of glutathione at nanocarbon paste electrode. The analytical curve obtained (inset Figure 8) in a range between 0 to 80.0 µmol L–1 was i/A (µA cm-2) = 0.434[GSH] (µmol L–1) and the limit of detection calculated was (11.0 ± 0.4) µmol L–1, demonstrating that it is also possible to use 4-amino-2,6-dichlorophenol as a mediator to detect glutathione.

  
    

    [image: Figure 8. Square wave voltammograms]

  

  In a parallel experiment, it was observed that 4-amino-2,6-dichlorophenol accumulated inside the paste as shown in Figure 9. This was studied by obtaining square wave voltammograms in a 40 µmol L–1 4-amino-2,6-dichlorophenol solution in the same conditions mentioned above. The voltammogram in Figure 9b corresponds to the reduction of quinone on a nanocarbon paste electrode. After that, the electrode was washed and transferred to PBS solution and the voltammogram in Figure 9c was obtained, where a clear reduction signal is seen. Then, the electrode was polished and transferred to PBS solution and the voltammogram in Figure 9d was obtained, where a little reduction signal is observed. Therefore, in this case, it is not possible to reuse the same paste after one experiment.

  
    

    [image: Figure 9. Square wave voltammograms]

  

  The same behaviour was observed when we used 4-amino-2,6-diphenyphenol (Figure 10). Cyclic voltammograms were obtained in a 0.2 mmol L–1 4-amino-2,6- diphenylphenol solution and the voltammogram in Figure 10b corresponds to the oxidation of 4-amino-2,6-diphenylphenol on a nanocarbon paste electrode. After that, the electrode was washed and transferred to PBS solution and the voltammogram in Figure 10c was obtained, where a signal is seen, related to the 4-amino-2,6-diphenylphenol adsorbed into the paste. Then, the electrode was polished and transferred to PBS solution and the voltammograms in Figure 10d was obtained, where a signal was observed, also associated to 4-amino-2,6-diphenylphenol accumulated into the paste. For this reason, in this case, it is not possible to reuse the same paste after one experiment without surface renewal.

  
    

    [image: Figure 10. Cyclic voltammograms in PBS]

  

   

  Conclusions

  In this paper, we described the possibility of using different mediators such as acetaminophen, 4-aminophenol and, 4-amino-2,6-dichlorophenol and 4-amino-2,6-diphenylphenol to detect glutathione using a nanocarbon paste electrode. Using 4-aminophenol as a mediator in solution, we obtained the lowest limit of detection, (0.80 ± 0.03) µmol L–1, for glutathione. This value is comparable with the other limit of detection obtained with different mediators such as catechol (0.94 µmol L–1),14 caffeic acid (2.2 µmol L–1)12 and 3,4-dihydroxy-cinnamic acid (0.194 µmol L–1).24 We also investigated the preliminary accumulation of 4-amino-2,6-dichlorophenol and 4-amino-2,6-diphenylphenol inside the nanocarbon paste electrode, showing the possibility to explore the modification of the electrode with theses mediators.
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    O objetivo do estudo foi desenvolver e validar um método de rotina para a determinação específica de Sn2+ em kits de radiofármacos 2-metóxi isobutil isonitrila (MIBI). Para a análise, foi utilizado o equipamento analisador voltamétrico. Experimentos de triagem mostraram que o eletrólito HCl 1 mol L-1 apresentou os melhores resultados entre todas as soluções testadas. Experimentos de estabilidade mostraram declínio gradual na corrente de Sn2+ no MIBI, e 23 dias depois da preparação da solução, a corrente desapareceu. Para confirmar a seletividade de técnica utilizando o HCl 1 mol L-1, induzimos a oxidação do SnCl2, resultando em um declínio proporcional da corrente no voltamograma. A confiabilidade do método foi observada com os valores de precisão e exatidão intra- e inter-ensaios, e com a robustez. Nós proporcionamos novos dados quanto a detecção seletiva de Sn2+ na presença de sua forma oxidada em kits de radiofármacos, utilizando HCl 1 mol L-1 como eletrólito.

  

   

  
    This work aimed to develop and validate a routine method for the specific determination of Sn2+ 2-methoxy isobutyl isonitrile (MIBI) radiopharmaceutical kits. A voltammetric electrochemical technique was used for the analysis. Screening experiments revealed that 1 mol L-1 HCl electrolyte showed the best results, among all the tested solutions. Stability experiments showed a gradual decline in the current of MIBI, and 23 days after the preparation of the solution, the current corresponding to stannous ion disappeared. To confirm the selectivity of the technique using HCl, we have induced oxidation of SnCl2 that resulted in a proportional decline of the current in the voltammogram. The reliability of the method was observed with the values of precision and accuracy intra- and inter-assay, and also its robustness. We provide novel evidence on the selective detection of Sn2+ in the presence of its oxidized form in radiopharmaceutical kits, by using 1 mol L-1 HCl as electrolyte.

    Keywords: stannous ion, radiopharmaceutical kits, selective electroanalysis, electrolyte, voltammetry

  

   

   

  Introduction

  Radiopharmaceutical kits are used in more than 90% of all procedures in nuclear medicine diagnosis.1-3 2-Methoxy isobutyl isonitrile (MIBI) is extensively used in clinics, especially to evaluate myocardial function, besides the application in differential diagnosis of some cancer types.4-7 Other isonitrile-based compounds have been used beforehand, but they presented low stability, having their application discontinued.8 Subsequently, the radiopharmaceutical MIBI proved to be greatly efficacious, overcoming the limitations of previously developed compounds with the same diagnostic purposes.9

  The stannous ion (Sn2+), used mainly in the form of SnCl2 salt, is added to lyophilized radiopharmaceutical kits to allow the complexation to the radioisotope. It is mainly employed in order to promote the reduction of pertechnetate ion (TcO4)– for the preparation of 99mTc-radiopharmaceutical kits.10,11 For that reason, quality control measurements, involving determination of Sn2+, are fundamental in the production of radiopharmaceutical kits. In fact, Sn2+ might be affected by several factors, such as oxygen and light exposure, generating its oxidized form stannic ion (Sn4+). For instance, dental formulations containing SnF2 are highly unstable in aqueous solutions, since Sn2+ can be easily oxidized to Sn4+, compromising the physical and chemical properties of the product.12

  The implementation of quality control procedures in radiopharmacy is extremely important to ensure that unsuitable products will not be used in patients. It is well known that either lacking or excess of Sn2+ in lyophilized formulations might affect the radiochemical purity, as well as the quality of images. Most analytical methods for the determination of tin, such as atomic absorption spectrometry, fluorimetry, spectrometry, or potentiometry do not allow distinguishing between Sn2+ and Sn4+ in solution.13-17 At the present, there are a few techniques available for the selective determination of Sn2+, including titrimetric analysis (redox-titration) and voltammetry. The low sensitivity of titrimetric methods for the concentrations of tin used in radiopharmaceutical kits impairs its precise and accurate measurement.13 Thus, especially for radiopharmaceutical kits with low Sn2+ contents, the only reliable method to properly determine Sn2+ is voltammetry.18

  The peaks obtained in the latter technique give qualitative information through the value of the potential peak E (V), while the quantitative information is provided by the current peak i (A), in the presence of the selected electrolyte.19,20 The determination of Sn2+ by voltammetry has been performed before using electrolytes containing complex mixtures of salts, buffers, acids and bases, such as 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES), hydrochloric acid (HCl), citric acid (C6H8O7), potassium chloride (KCl) and sodium hydroxide (NaOH).21,22

  The aim of this study was to validate a simple method for determination of Sn2+ in MIBI radiopharmaceutical kits to furnish a reliable routine method for quality control in radiopharmacy.

   

  Materials and Methods

  Apparatus and electrochemical technique

  Equipment 757 VA Computrace (Metrohm) was used with a three electrode cell for differential pulse polarography technique: multimode mercury working electrode (MME), platinum auxiliary electrode (Pt) and electrode silver/silver chloride (Ag/AgCl) reference containing potassium chloride (3 mol L-1 KCl) electrolyte solution.

  Reagents and solutions

  Anhydrous stannous chloride (SnCl2) (Sigma Aldrich, Switzerland); stannic chloride pentahydrate (SnCl4.5H2O) (Sigma-Aldrich, USA); MIBI radiopharmaceutical cold kit (tetrakis (2-methoxy isobutyl isonitrile) copper(I) tetrafluoroborate ([Cu(MIBI)4]BF4) (1 mg), anhydrous stannous chloride (0.084 mg), sodium citrate, L-cysteine hydrochloride monohydrate and mannitol (Radiopharmacus Group, Porto Alegre, Brazil); HEPES (Sigma-Aldrich, USA); nitric acid suprapur (HNO3) (Merck, Germany); KCl (Merck); NaOH (Synth, Brazil); disodium ethylenediamine tetraacetic acid (EDTA-Na2) (Quimex, Brazil); potassium nitrate (KNO3) (Nuclear,Brazil); PIPES (Sigma Aldrich); sodium fluoride (NaF) (Merck); sodium nitrate (NaNO3) (Dinâmica, Brazil); citric acid (Merck); HCl P. A. (Merck); hydrogen peroxide suprapur (H2O2) (Merck); and copper metal standard solution (Cu) (Fluka®).

  General procedures

  For initial screening of a series of electrolytes, we tested the current and reproducibility of standard solutions at the concentration of 50 mg L-1. The sample used for analysis was the radiopharmaceutical MIBI containing approximately 0.052 mg of Sn2+, corresponding to 17.53 mg L-1, after suspension of lyophilized kit with 3 mL of distilled and deionized water (dd-water). The standard solution of SnCl2 used for validation assays was prepared at the same concentration present in the radiopharmaceutical kit (17 mg L-1), whilst the standard solution of SnCl4 pentahydrate, due to the lower sensibility of the assay for Sn4+, was prepared in a higher concentration (50 mg L-1). The samples and the standards were dissolved in oxygen-free dd-water by nitrogen saturation to avoid oxidation. HEPES (1 mol L-1 HEPES, 1 mol L-1 NaF, 1 mol L-1 NaNO3, and H2O), 1 mol L-1 KCl, 1 mol L-1 NaOH, 0.1 mol L-1 EDTA, 0.1 mol L-1 KNO3, PIPES (1 mol L-1 PIPES, 1 mol L-1 NaF, 1 mol L-1 NaNO3, and H2O), HCl plus citric acid (0.2 mol L-1) and HCl (0.2 mol L-1 and 1 mol L-1) electrolytes were tested. In the protocols to induce the oxidation of Sn2+, 200 µL of 30% H2O2 were used.

  The use of the electrolytes 1 mol L-1 PIPES, 1 mol L-1 NaF, 1 mol L-1 NaNO3, and H2O were prepared according to the newsletter of Metrohm (CH4-0381-042002), which was composed of 11 mL of deionized water, 7 mL of NaF, 1 mL of 1 mol L-1 NaNO3, and 1 mL of 1 mol L-1 PIPES buffer. The electrolyte 1 mol L-1 HEPES was prepared according to the PIPES protocol, replacing PIPES by HEPES. The electrolyte HCl plus citric acid was made by mixing 5 mL of 0.4 mol L-1 HCl and 5 mL of 0.4 mol L-1 citric acid in the vessel, with a final concentration of 0.2 mol L-1. A volume of 10 mL of the electrolytes PIPES, HEPES, 1 mol L-1 KCl, 0.1 mol L-1 EDTA, 1 mol L-1 NaOH, 0.1 mol L-1 KNO3, 0.2 mol L-1 HCl, and 1 mol L-1 HCl were added in the vessel during each analysis. The electrolytes were initially tested with a Sn2+ concentration of 50 mg L-1 for assessing the current and reproducibility. The analysis was performed in triplicate in order to determine the most suitable conditions concerning deposition time, concentration, and pH of the electrolyte. Those showing stable and reproducible currents were further tested with a Sn2+ concentration of 17 mg L-1.

  The differential pulse voltammetric analysis was performed under the following conditions: –0.2 V deposition time, 90 s pulse time, 10 s equilibration time, –0.2 V starting potential, –0.55 V end potential, 0.004 voltage step, 0.050 V pulse amplitude, 0.04 s pulse time, and 0.1 s voltage step time. These values are defined by the manufacturer. To assess the possible interference of Cu2+, we have used a potential range varying from 0 to –0.55 V. Initially, 10 mL of electrolyte were added to the polarographic vessel, and a flow of 1 kgf cm-2 of nitrogen gas was applied for 5 min. The method of manual standard addition for quantification was adopted. The calibration curve was made by blank determination (electrolyte) and five successive additions of 200 µL (10 mg L-1 of Sn2+) standard solution into the vessel, in order to record the polarographic concentrations of 0, 10, 20, 30, 40 and 50 mg L-1. For determination of Sn2+ in the MIBI kits, the samples were resuspended with 3 mL of dd-water and 200 µL of each sample were added into the vessel to obtain the initial voltammogram. Subsequently, two successive additions of 200 µL of standard (17.0 mg L-1) were carried out. The analyses were performed in triplicate, and 3 separated samples of lyophilized compound were used. The results were expressed as mean ± standard deviation (SD).

  Polarographic method validation

  The polarographic method was quantitatively evaluated in terms of sensitivity, specificity, precision, accuracy, linearity, recovery and robustness.

   

  Results

  Electrolytes for determination of Sn2+

  The results for HEPES were not satisfactory, as the electrolyte caused interference in the baseline, and showed no peak in the voltammogram at the potential range corresponding to Sn2+. For 1 mol L-1 KCl, the same potential was obtained for SnCl2 and SnCl4, according to assessment at 50 mg L-1, following separate readings, clearly showing that is not possible to separate Sn2+ from Sn4+ (Figure 1).

  
    

    [image: Figure 1. Voltammogram for Sn2+ and Sn4+ determination]

  

  The electrolytes 0.1 mol L-1 EDTA and 1 mol L-1 NaOH, using Sn2+ at 50 mg L-1, generated erroneous results, due to the decay of the current between the standard additions, as it can be observed in Figures 2a and 2b, respectively.

  
    

    [image: Figure 2. Voltammograms for Sn2+ determinations]

  

  The recovery with 0.1 mol L-1 KNO3 and 50 mg L-1 Sn2+ was less than 50%, being also unsatisfactory (Figure 3).

  
    

    [image: Figure 3. Voltammogram for Sn2+ determinations]

  

  For 1 mol L-1 PIPES and a concentration of 17 mg L-1 of Sn2+, the obtained result was approximately 13 mg L-1, giving a recovery of 76%. Similarly, the use of HCl with citric acid provided a reading of approximately 20 mg L-1, for a standard Sn2+ solution of 17 mg L-1 (recovery of 118%). A decreased recovery was observed by employing 0.2 mol L-1 HCl as electrolyte, showing a reading of 12 mg L-1 (71%) (Figures 4a-c, respectively).

  
    

    [image: Figure 4. Voltammograms for Sn2+ determination]

  

  Considering that 1 mol L-1 HCl electrolyte showed the best reproducibility for determining Sn2+ when compared to the other solutions, according to assessment of either concentrations of 50 or 17 mg L-1 (Figure 5), this was chosen to proceed validation.

  
    

    [image: Figure 5. Voltammogram for Sn2+ at 1 mol]

  

  Technique validation for determining Sn2+ for differential pulse polarography using 1 mol L-1 HCl as electrolyte

  Stannous ion detection in the presence of stannic ion

  The solutions were prepared from vials containing the lyophilized MIBI. The current measurement was performed during three weeks. There decrease of current was observed through this voltammetric technique few days after the preparation of the radiopharmaceutical solution, which was intentionally stored at room temperature and exposed to light (Table 1).

  
    

    [image: Table 1. Decay of the current]

  

  To observe the selectivity of the electrolyte in the solution of SnCl2, a reading using freshly prepared SnCl2 standard was performed. The fast oxidation of Sn2+ was induced by adding H2O2, and incubating the solution in water bath at 37 ºC for 5 min.13 No current corresponding to Sn2+ was observed. However, despite the disappearance of the Sn2+ current, we observed an increase in the baseline current. This fact seems to be due to oxidation of the working electrode mercury drop by the action of H2O2 that could be hiding the Sn2+ current. To exclude this possibility, another Sn2+ standard was prepared and incubated for 24 h in water bath for 37 ºC, without adding H2O2. Figures 6a-c, respectively, show the disappearance of the current of Sn2+ without any change of baseline current following this procedure.

  
    

    [image: Figure 6. Voltammograms for Sn2+ at different]

  

  These results show that oxidation of Sn2+ and the formation of Sn4+ do not affect the analysis, at the tested conditions.

  Sensibility, specificity and selectivity

  The limit of detection was determined by adding concentrations of 1 mg L-1 of the Sn2+ standard. The detection limit of this method was 3 mg L-1. The limit of quantification was the lowest analyzed amount, which can be measured with defined precision and accuracy and reproducible with a coefficient of variation (CV) up to 20% and accuracy of 80-120%. The limit of quantification values was 4.57 ± 0.49 mg L-1, with CV of 1.06 % and accuracy of 114.21%.

  For determination of specificity, the excipient of MIBI 
    was tested to assess the interference with voltammetric method. The ability of the method to detect Sn2+, without interference of excipients in its potential, is depicted in Figure 7.

  
    

    [image: Figure 7. Voltammogram showing the specificity]

  

  To assess the interference of copper in the potential of Sn2+, we obtained voltammograms with (i) Cu2+ standard, (ii) Cu2+ standard with Sn2+ standard and (iii) radiopharmaceutical MIBI kit under normal conditions, as demonstrated in Figures 8a-c, respectively.

  
    

    [image: Figure 8. Voltammograms for Cu2+, Sn2+ and MIBI]

  

  The obtained peaks of copper were detected at a different potential than Sn2+ (–0.13 V), and all assay tests were free of interference from this element during determination of Sn2+.

  Precision and accuracy (recovery) intra- and inter-assay

  The intra- and inter-day precision and accuracy data are shown in Table 2. Precision was expressed as the percentage of coefficient of variation (CV), and accuracy was expressed as the percentage of the added concentration.

  
    

    [image: Table 2. Intra and inter-assay accuracy and precision]

  

  Robustness

  As shown in Table 3, intentional variations were performed in the concentration of electrolyte, deposition time, use of water without nitrogen, and different operators.

  
    

    [image: Table 3. Robustness evaluation of the method]

  

  The results indicate that the method is robust in relation to the possible variations that may occur during the execution of the technique, including the small variations in the electrolyte concentration and the execution by different operators. However, some specific parameters, such as the deposition time of 90 seconds, and water nitrogenation must be strictly respected.

  Linearity

  At least three calibration curves were carried out in the range of 10-50 mg L-1 of Sn2+ (Figure 9).

  
    

    [image: Figure 9. Linearity test of the method represented]

  

  This experimental set presented a correlation coefficient of 0.9993, revealing the linearity of the method.

   

  Discussion

  The determination of Sn2+ concentrations represents a very important step in the quality control procedures in radiopharmacy, guaranteeing safety and allowing the correct diagnosis.13 In the case of MIBI radiopharmaceutical kits, the exact concentration of Sn2+ is essential for efficient cardiac perfusion and adequate scintigraphy.13

  Previous studies published methods for tin determination using technologies such as inductive coupled plasma-mass spectrometry (ICP-MS)14 and gas chromatography coupled with mass spectrometry (GC/MS).23,24 However, these techniques do not allow selective determination of tin species, considering that Sn2+ concentrations are calculated on the basis of total tin concentrations. Tin can also be determined by atomic absorption spectroscopy (AAS), but this technique requires complex extraction procedures.24,25 Currently, voltammetry represents a low-cost technique able to precisely detect small concentrations of this ion, both quantitatively and qualitatively. Nevertheless, there are only few studies for this purpose using the MIBI radiopharmaceutical kit, especially when considering the appropriate electrolyte to be used in the selective analysis of Sn2+. Thus, we developed and validated a simple voltammetric method for speciation of Sn2+ in the MIBI radiopharmaceutical, using 1 mol L-1 HCl.

  Hubert et al. developed a simple and rapid method for the separation and determination of Sn2+ and Sn4+ in tin octoate, a catalyst used in the synthesis of polydimethylsiloxane (PDMS).24 The detection of Sn2+ at the same potential of Sn4+ is a problem for nuclear medicine, since Sn4+ represents an impurity in lyophilized radiopharmaceutical kits. Several electrolytes have been described for the determination of Sn2+, but there are differences in the specificities reported. Therefore, many methods used are effective in determining the sum of Sn2+ and Sn4+, but they fail to provide a selective identification of Sn2+. Decristoforo et al. described a polarographic method for determination of Sn2+ in technetium cold kits using a mixture of water, methanol and perchloric acid as electrolyte.10 In addition, Almeida et al.13 described the selective detection of Sn2+ (–0.350 to –0.400 V) by using 3 mol L-1 H2SO4 in pyrophosphate (PYRO) and methylene diphosphonate (MDP) radiopharmaceutical kits, although the authors have not investigated the effects of Sn2+ oxidation in their study. Herein, we tested several electrolytes, demonstrating that a series of complicating factors, such as determination of Sn4+ at the same potential of Sn2+, decrease in current after standard addition, or disproportionate growth of the currents, excluded the use of most options. In our study, among all the electrolytes tested for determining Sn2+, the only one showing good reproducibility and specificity was 1 mol L-1 HCl. Moreover, this electrolyte is easily prepared and presented a good stability. The best result obtained among the other electrolytes was achieved with HCl plus citric acid, but this solution presented some problems in the recovery (more than 115%) and linearity. These problems were detected in both determination of standard of Sn2+ in the excipient and lyophilized radiopharmaceutical kit. This appears to represent a good option for other samples, as described by Pérez-Herranz et al. for tin octoate, although it does not seem to be reliable for MIBI kits.18

  To gain further insight on the applicability of 1 mol L-1 HCl, we initially prepared a solution of SnCl2 for reading, followed by forced oxidation of Sn2+ with H2O2. The hydrogen peroxide acts as an oxidizing agent in acid aqueous solution.26 After the reading, we observed a decrease of the current, which was accompanied by an increased baseline. To rule out the possibility that baseline would hide the Sn2+ peak, we carried out separate experiments without adding H2O2, which would be responsible for the increase in baseline, using water bath at 37 ºC to oxidize Sn2+. Additionally, a decrease of Sn2+ currents was observed throughout the three weeks of exposition to room temperature and light. Studies show that the temperature is directly related to the oxidation of Sn2+.10,13 In this case, Sn4+ formed even at high concentrations of Sn2+, was not enough to interfere with the analysis and recovery of the analyte. According to this analysis, we might affirm that our method using 1 mol L-1 HCl was selective for Sn2+ quantification. However, when we performed a reading of Sn4+ using SnCl4 salt in 1 mol L-1 HCl we observed a peak at the same potential of Sn2+. The same does not occur when we performed the readings using SnCl2, because the results obtained by us showed that after the oxidation of Sn2+ to Sn4+ in solution, the current disappears in the potential where Sn2+ is detected (–0.40 V), indicating the selectivity of the method for Sn2+. We suppose that this occurs because the Sn2+ oxidized by oxygen in solution (reaction that is favored by the presence of 1 mol L-1 HCl)27,28 generates complex species of Sn4+ which cannot be detected at the potential of –0.40 V. The formation of Cl–/Sn complex can display several electrochemical profiles29 and the formed complex can be responsible for the non-detection of oxidized Sn2+ in solution. This hypothesis is strengthened by the fact that Sn4+ complexes display completely different properties in relation to Sn2+ complexes.30,31 Therefore, these conditions related to the oxidation of Sn2+ were confirmed by our study because the Sn2+ oxidized was not detected in the voltammetric analysis.

  During the Sn2+ analysis with 1 mol L-1 HCl, considering all steps to guarantee the quality of SnCl2 (preparation at the time of use, correct manipulation, ideal storage, and protection against light), it is possible to presume that the read current of Sn2+ corresponds to the amount weighed for analysis. Altogether, intra- and inter-assay tests on robustness, accuracy and precision, revealed the method presented by us as a simple, quick, and inexpensive voltammetric approach to selectively determine Sn2+ in lyophilized MIBI kits. However, to maintain satisfactory robustness, accuracy, and precision, it is imperative to maintain the methodological parameters, as well as qualified operators.

   

  Conclusion

  Validation results provided by us indicated that the method presented herein shows high specificity for Sn2+ determination, without interference by Sn4+, excipients from formulation of MIBI or copper. The method presented high sensitivity, and might as well be considered a reliable parameter for the selective determination of Sn2+ in radiopharmaceutical MIBI solutions, without interference of degradation products of Sn2+ using 1 mol L-1 HCl electrolyte. In summary, the method has advantages, such as the easy and quick preparation of the electrolyte, rapid analyses, reproducibility, and can be applied in a routine laboratory.

   

  Acknowledgments

  This work was supported by Fundação de Amparo à Pesquisa do Rio Grande do Sul (FAPERGS) and Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq, Brazil). Our laboratory is also supported by FINEP research grant "Implantação, Modernização e Qualificação de Estrutura de Pesquisa da PUCRS" (PUCRSINFRA) #01.11.0014-00. We thank Fábio Ricardo Bento for his excellent technical assistance.

   

  References

  1. Sorenson, J. A.; Phelps, M. E.; Physics in Nuclear Medicine,  2nd ed.; Saunders Company: Philadelphia, USA, 1987.

  2. Shung, K. K.; Smith, M. B.; Tsui, B.; Principles of Medical Imaging,  1st ed.; Academic Press: San Diego, California, USA, 1992.

  3. Chandra, R.; Introdutory Physics in Nuclear Medicine,  4th ed.; Lea & Febiger: Philadelphia, USA, 1992.

  4. Packard, A. B.; Kronauge, J. F.; J. Labelled Compd. Radiopharm. 1994, 35, 17.

  5. Ziegels, P.; Nocaudie, M.; Hugo, D.; Eur. J. Nucl. Med. 1994, 22, 126.

  6. Aktolun, C.; Bayhan, H.;  Pabuccu, Y.; Bilgic, H.; Acar, H.; Koylu, R.; J. Nucl. Med. 1994, 21, 973.

  7. Iqbal, T.; Cain Jr. , J. H.; Slosky, J. J.; US pat. 4885100 1989.

  8. Jones, A. G.; Abrams, M. J.; Davison, A.; Int. J. Nucl. Med. Biol. 1984, 11, 225.

  9. Wackers, F. J.; Berman, D. S.; Maddahi, J.; Watson, D. D.; Beller, G. A.; Strauss, W.; Boucher, C. A.; Picard, M.; Holman, B. L.; Fridrich, R.; Inglese, E.; Delaloye, B.; Camin, L.; McKusick, K.; J. Nucl. Med. 1989, 30, 301.

  10. Decristoforo, C.; Obendorf, D.; Reichart, E.; Stubauer, G.; Riccabona, G.; Nucl. Med. Biol. 1998, 25, 675.

  11. Marques, F. L. N.; Okamoto, M. R. Y.; Buchpiguel, C. A.; Radiol. Brasileira 2001, 34, 233.

  12. Carlos, A. L. F.; Quim. Nova 1998, 21, 176.

  13. Almeida, E. V.; Lugon, M. D. M. V.; Silva, J. L.; Fukumori, N. T. O.; Pereira, N. P. S.; Matsuda, M. M. N; J. Nucl. Med. Technol. 2011, 39, 307.

  14. Cardarelli, E.; Talanta 1989, 3, 513.

  15. Muddukrishna, N.; Appl. Radial. Isot. 1994, 45, 293.

  16. El-Sayed, A. A.; El-Salen, N. A.; Anal. Sci. 2005, 21, 595.

  17. Parris, G. E.; Blair, W. R.; Brinckman, F. E.; Anal. Chem. 1977, 49, 378.

  18. Pérez-Herranz, V. G.; Garcia-Gabaldón, M.; Guiñón, J. L.; Garcia-Antón, J.; Anal. Chim. Acta 2003, 484, 243.

  19. http://chemkeys.com/br/2003/03/25/voltametria-conceitos-e-tecnicas/, accessed in June 2014.

  20. http://www.metrohm.com/com/Search/index.html?identifier=80275003&language=en, accessed in June 2014.

  21. Rakias, F.; Zolle, I. In Radioactive Isotopes in Clinical Medicine and Research; Bergmann, H.; Kroiss, A.; Sinzinger, H. , eds.; Birkhauser Verlag AG: Basel, Switzerland, 1997, ch. 2.

  22. http://www.metrohm.com/com/Support/Technical_Documents/Instruments.html?identifier=87575003&language=en&id=87575003, accessed in June 2014.

  23. Muñoz, J.; Gallego, M.; Valcárcel, M.; Anal. Chim. Acta 2005, 548, 66.

  24. Hubert, C.; Ziémons, E.; Rozet, E.; Breuer, A.; Lambert, A.; Jasselette, C.; De Bleye, C.; Lejeune, R.; Hubert, Ph.; Talanta 2010, 80, 1413.

  25. Gholivand, M. B.; Babakhanian, A.; Rafiee, E.; Talanta 2008, 76, 503.

  26. Everse, J.; Everse, K. E.; Grisham, M. B.; Peroxidases in Chemistry and Biology, 2nd ed.; CRC Press: Boca Raton, Florida, USA, 2000.

  27. Chafee, E.; Edwards, J. O. In Progress in Inorganic Chemistry, Inorganic Reaction Mechanisms,  13th ed .; Edwards, J. O. , ed.; Interscience Publishers: Providence, Rhode Island, USA, 1970.

  28. Wiberg, N.; Holleman, A. F.; Wiberg, E.; Inorganic Chemistry, 1st ed.; Academic Press: San Diego, California, USA, 2001.

  29. Kékesi, T.; Acta Metallurgica Slovaca 2013, 3, 196.

  30. Srivastava, S. C.; Meinken, G.; Smith, T. D.; Richards, P.; Int. J. Appl. Radiat. Isot. 1977, 28, 83.

  31. Muller, B.; Seward, T. M.; Geochim. Cosmochim. Acta 2001, 22, 4187.

   

   

  Submitted: March 26, 2014.

  Published online: June 25, 2014.

   

   

  
    *e-mail: adiliosd@yahoo.com.br

  





  DOI: 10.5935/0103-5053.20140151

  ARTICLE

  
    Mazloum-Ardakani M, Ahmadi SH, Mahmoudabadi ZS, Khoshroo A. Simultaneous determination of isoproterenol, acetaminophen and folic acid using nanostructured electrochemical sensor based on benzofuran derivative and carbon nanotubes. J. Braz. Chem. Soc. 2014;25(9):1630-37

  

  
    Simultaneous determination of isoproterenol, acetaminophen and folic acid using nanostructured electrochemical sensor based on benzofuran derivative and carbon nanotubes

  

   

   

  Mohammad Mazloum-ArdakaniI,*; Seyyed H. AhmadiII; Zohal S. MahmoudabadiII; Alireza KhoshrooI

  IDepartment of Chemistry, Faculty of Science, Yazd University, 89195-741 Yazd, I.R. Iran

  IIChemistry & Chemical Engineering Research Center of Iran, Tehran, Iran

   

  
    No presente artigo, o uso de pasta de eletrodo de carbono modificada por nanotubos de carbono e derivados de benzofurano (1-(4-(1,3-ditiolan-2-il)-6,7-dihidroxi-2-metil-6,7-dihidrobenzofuran-3-il) etanona) para a determinação de isoproterenol (IP) foi descrito. O coeficiente de transferência de carga, α, e a constante de transferência de carga, ks, para a transferência de elétrons entre o derivado de benzofurano e a pasta de eletrodo de carbono foram calculados como 0,52 e 1,04 s–1, respectivamente. O potencial anódico do IP diminui cerca de 256 mV com esse eletrodo modificado. Picos de corrente de voltametria de pulso diferencial (DPV) do IP, acetaminofeno (AC) e ácido fólico (FA) aumentam linearmente com concentrações na faixa de 0,05-2000 µmol L–1, 50,0-1200 µmol L–1 e 67,0-1600 µmol L–1, respectivamente e os limites de detecção para IP, AC e FA foram 0,020 µmol L–1, 0,385 µmol L–1 e 0,690 µmol L–1, respectivamente.

  

   

  
    In the present paper, the use of carbon paste electrode modiﬁed by carbon nanotubes and benzofuran derivative (1-(4-(1,3-dithiolan-2-yl)-6,7-dihydroxy-2-methyl-6,7-dihydrobenzofuran-3-yl) ethanone) for the electrocatalytic determination of isoproterenol (IP) was described. The charge transfer coefficient, α, and the charge transfer rate constant, ks, for electron transfer between the benzofuran derivative and the carbon paste electrode were calculated as 0.52 and 1.04 s–1, respectively. The anodic overpotential of IP is decreased about 256 mV by this modified electrode. Differential pulse voltammetric (DPV) peak currents of IP, acetaminophen (AC) and folic acid (FA) increased linearly with their concentration in the ranges of 0.05-2000.0 µmol L–1, 50.0-1200.0 µmol L–1 and 67.0-1600.0 µmol L–1, respectively and the detection limits for IP, AC and FA were 0.020 µmol L–1, 0.385 µmol L–1 and 0.690 µmol L–1, respectively.

    Keywords: carbon paste electrode, carbon nanotube, isoproterenol, acetaminophen, folic acid

  

   

   

  Introduction

  Carbon nanotubes (CNTs), a new form of elementary carbon, are promising building blocks for nano science and nanotechnology because of their good mechanical strength, high surface area and interesting electronic properties.1,2 We have successfully applied CNT modiﬁed electrodes to study and determination of many biological and organic molecules.3-5

  Isoproterenol (IP), 4-[1-hydroxy-2-[(1-methylethyl)-amino]ethyl]-1, 2-benzenediol, is a catecholamine drug widely used for the hypertension and allergic emergencies, bronchitis, status asthmatic, cardiac shock and heart attack.6 Many methods have been developed to determine IP such as chromatography,7 chemiluminescence,8 spectroﬂuorimetry,9-11 spectrophotometry12 and electrochemical detection (for HPLC).13-15 While these methods are often time consuming, complicated and expensive, electrochemical methods such as voltammetric and amperometric detections are simple, rapid, inexpensive and sensitive techniques for the determination of IP. 16-21

  Acetaminophen (AC), N-acetyl-p-aminophenol, is used in pain alleviation and bacterial fevers reducer. It is a suitable alternative for the patients who are sensitive to aspirin.22 Also, AC is an electroactive molecule (AC contains hydroxyl and NH groups on its aromatic rings), and its electrochemical behavior has been studied widely. Many methods have been reported for the determination of AC including spectrophotometry,23 liquid chromatography24 and electrochemical methods.25-26

  Folic acid (FA), (N-(4-{[(2-amino-4-oxo-1,4-dihydropteridin-6-yl), is a water-soluble B9 vitamin that helps build healthy cells. Deﬁciency of FA is a common cause of anemia and it is thought to increase the likelihood of heart attack and stroke. There are many methods for the measurement of FA, including liquid chromatography,27,28 capillary electrophoresis (CE),29 spectrophotometric methods30 and high-performance liquid chromatography (HPLC).31 There are some electrochemical methods for the measurement of FA; because of FA is an electroactive component.32 The detection limit, linear dynamic range, and sensitivity of the electrochemical methods to measure FA are comparable and even better than, those mentioned techniques.

  To our knowledge, no study has been published so far reporting on the simultaneous determination of IP, AC and FA using 1-(4-(1,3-dithiolan-2-yl)-6,7-dihydroxy-2-methyl-6,7-dihydrobenzofuran-3-yl) ethanone (DDE) modified carbon paste electrode. So, in the present work, we described initially the preparation of a carbon paste electrode (CPE) modified with both DDE and carbon nanotubes as a new electrode in the electrocatalysis and determination of IP and then we evaluated the analytical performance of the modified electrode for simultaneous determination of IP, AC and FA. High sensitivity, selectivity and reproducibility of the voltammetric responses, and low detection limit, together with the ease of preparation make the proposed modified electrode very useful for accurate determination of IP, AC and FA contents in real samples.

   

  Experimental

  Apparatus and reagents

  Voltammetric measurements were performed using a computerized potentiostat/galvanostat (SAMA 500, Iran). All electrochemical studies were performed at 25 ± 1 ºC with a three electrodes assembly including a saturated calomel electrode (SCE) as a reference electrode and a platinum wire as the counter electrode. The working electrode was a modified carbon paste electrode. A Metrohm 781 pH/ion meter was used for pH measurements. All solutions were freshly prepared with double-distilled water. IP, AC, FA, and reagents were analytical grade from Aldrich. Pure graphite ﬁne powders (Merck) and parafﬁn oil (DC 350, Merck) were used as binding agents for the graphite pastes. Multiwall carbon nanotubes (purity more than 95%) with o.d. between 5-20 nm, i.d. between 2-6 nm, and tube length 1-10 µm were purchased from Plasma Chem. Before use, ﬂasks and containers was soaked in 6 mol L–1 HNO3 for least 24 h, then rinsed with deionized water. Phosphate buffer solutions (0.1 mol L–1) were prepared from 0.1 mol L–1 H3PO4-NaH2PO4, and the pH was adjusted with 0.1 mol L–1 H3PO4 or NaOH.

  Synthesis of (1-(4-(1,3-dithiolan-2-yl)-6,7-dihydroxy-2-methyl-6,7-dihydrobenzofuran-3-yl) ethanone)

  DDE was synthesized by electrosynthesis method and the manner described in our previous work.33 Briefly, 80 mL of 0.15 mol L–1 phosphate buffer (pH 7.0) in water:acetonitrile (85:15 volume ratio), containing 0.7 mmol of 4-(1,3-dithiolan-2-yl) benzene-1,2-diol and 0.7 mmol acetylacetone, was electrolyzed at controlled-potential in a divided cell equipped with a carbon anode (an assembly of four rods) and a large stainless steel gauze as cathode, at 0.35 vs. SCE. The electrolysis was terminated when the current decayed to 5% of its original value. The precipitated solid was collected by filtration and was washed several times with water.

  Oxidation of MWCNTs

  Since the oxygen functionalities on the surface of multiwall carbon nanotubes (MWCNTs) improve their electrochemical properties, they were generated by treating MWCNTs with a mixture of concentrated H2SO4 and HNO3 (molar ratio 3:1) following the method reported in the literature.34,35 In a typical experiment, 75.0 mL of concentrated H2SO4 (97%) and 25.0 mL of concentrated HNO3 (65%) were mixed and added to 1.0 g of MWCNTs in a round-bottomed flask and heated under constant agitation at 50.0 ºC for 8.0 h. It was allowed to cool down to room temperature after which an equal quantity of deionized water was added. It was filtered and the residue was washed several times with deionized water until neutral pH was attained. The residue was then filtered and freeze-dried.

  Preparation of the electrode

  The DDE modified carbon paste electrode (DDECNPE) was prepared by mixing 0.4825 g of graphite powder, 0.0025 g of DDE, 0.7 mL of paraffin oil and 0.015 g of MWCNT with a mortar and pestle until a uniform paste was obtained. These amounts of materials were obtained by optimization. This paste was then packed into the end of a glass tube (ca. 10 cm long and 3.6 mm i.d. ). A copper wire inserted into the carbon paste provided an electrical contact. When necessary, a new surface was obtained by pushing an excess of the paste out of the tube and polishing with a weighing paper. Also, unmodified carbon paste was constructed in the same way but without adding DDE and MWCNT to the mixture.

  Preparation of real samples

  Injection solution (0.10 ml, 0.20 mg mL–1) plus 10 mL of 0.l mol L–1 phosphate buffer solution (pH 7.0) were used for the analysis. The solution was transferred into the voltammetric cell to be analyzed without any further pretreatment. The standard addition method was used for the determination of isoproterenol (IP) in the samples.

   

  Results and Discussion

  Electrochemical properties of DDECNPE

  The DDE is insoluble in aqueous solutions, and can be easily incorporated into the carbon paste without much concern of its leaching from the electrode surface. This fabrication process yields a stable, chemically-modified electrode. The electrochemical behavior of the DDECNPE was ﬁrst studied using cyclic voltammetry (Figure 1). Experimental results show that well deﬁned and reproducible anodic and cathodic peaks were obtained with Epa = 0.150 V vs. SCE, Epc = 0.106 V vs. SCE at a scan rate of 50 mV s–1. The half-wave potential (E1/2) was 0.128 V vs. SCE and ΔEp (= Epa – Epc) was 0.044 V. The electrode process was quasi-reversible, with ΔEp greater than the (59/n) mV expected for a reversible system.

  
    

    [image: Figure 1. Cyclic voltammograms of DDECNPE]

  

  Cyclic voltammograms of the DDECNPE were recorded at different scan rates (from 10 to 900 mV s–1). Figure 1a illustrates that the anodic and cathodic peak currents (Ip) were linearly dependent on ν at scan rates of 10-900 mV s–1. A linear correlation was obtained between peak currents and the scan rate, indicating that the redox process is not controlled by diffusion. Figure 1c shows the anodic peak potentials, Epa, as a function of the potential sweep rate. We found that for scan rates above 60 mV s–1, the values of Ep were proportional to the logarithm of the scan rate. Under these conditions, the ks can be calculated according to the following equation:36

  
    [image: Equation 1]

  

  where nα represents the number of electrons involved in the rate-determining step and other symbols have their usual meanings. A mean value of ks = 1.04 s–1was evaluated from all the extracted experimental data applying equation 1. The slopes of Figure 1b plot can be used to extract the kinetic parameters cathodic transfer coefﬁcients (αc) and anodic transfer coefﬁcients (αa). The slope of the line segment is equal to –2.3RT / αnF and 2.3RT/(1 – α) nF for the cathodic and anodic peaks, while the evaluated values for the anodic transfer coefﬁcients (αa) is 0.49.

  An approximate estimate of the surface coverage of the electrode was made by adopting the method used by Sharp.37 According to this method, the peak current is related to the surface concentration of the electroactive species, Γ, by the following equation:

  
    [image: Equation 2]

  

  where n represents the number of electrons involved in the reaction, A is the surface area (0.096 cm2) of the electrode, Γ (mol cm–2) is the surface coverage, and the other symbols have their usual meanings. From the slope of the anodic peak currents versus the scan rate in Figure 1a, the calculated surface concentration is 8.4 × 10–11 mol cm–2 for n = 2.

  The electrochemistry of DDE molecule is generally pH dependent. Thus, the electrochemical behavior of DDECNPE was studied at different pHs using cyclic voltammetry (CV), see Figure 1c. Since one straight line was obtained with a slope value of –58 mV per pH in the pH ranges of 2.0-11.0, there is a transfer of two electrons and two protons in the redox reaction of DDE in the pH range of 2.0-11.0.38

  Electrocatalytic oxidation of IP at a DDECNPE

  Figure 2 depicts the CV responses for the electrochemical oxidation of 0.5 mmol L–1 IP at unmodiﬁed CPE (curve b), CNPE (curve d), DDECPE (curve e) and DDECNPE (curve f). While the anodic peak potentials for IP oxidation at the CNPE, and unmodiﬁed CPE are 350 and 406 mV, respectively, the corresponding potential at DDECNPE and DDECPE is ca. 150 mV. These results indicate that the peak potential for IP oxidation at the DDECNPE and DDECPE electrodes shifts by ca. 200 and 256 mV toward negative values compared to CNPE and unmodiﬁed CPE, respectively. However, DDECNPE shows much higher anodic peak current for the oxidation of IP compared to DDECPE, indicating that the combination of CNTs and the mediator (DDE) has signiﬁcantly improved the performance of the electrode toward IP oxidation. In fact, DDECNPE in the absence of IP exhibited a well-behaved redox reaction (Figure 2, curve c) in 0.1 mol L–1 phosphate buffer (pH 7.0), without IP in solution. However, there was a drastic increase in the anodic peak current in the presence of 0.5 mmol L–1 IP (curve f), which can be related to the strong electrocatalytic effect of the DDECNPE toward this compound.38

  
    

    [image: Figure 2. Cyclic voltammograms]

  

  The scan rate dependence of cyclic voltammograms of the DDECPE, in 0.l mol L–1 phosphate buffer solution containing 0.5 mmol L–1 IP, is presented in Figure 3. Inset exhibits that a plot of the catalytic peak current versus the square root of the sweep rate is linear, showing that at sufficient overpotential, the reaction is diffusion-limited. A plot of the sweep rate normalized current (Ip/ν1/2) versus sweep rate inset b, exhibits the characteristic shape, a kind of an ECcat process.

  
    

    [image: Figure 3. Cyclic voltammograms of DDECNPE]

  

  The number of electrons in the overall reaction can also be acquired from the slope of the Ip versus ν1/2 plot Figure 3, inset a. Using the slope of this plot and according to the following equation for a totally irreversible diffusion controlled process39

  
    [image: Equation 3]

  

  it is estimated that the total number of electrons involved in the anodic oxidation of IP is n = 2. A Tafel plot is a useful device for evaluating the kinetic parameters. Inset c of Figure 3 shows the Tafel plot, drawn by using the data derived from the rising part of the current-voltage curve at a scan rate of 20 mV s–1. The number of electrons involved in the rate-determining step (nα) can be estimated from the slope of the Tafel plot.38 A slope 0.137 V is acquired indicating a one electron transfer to be rate limiting step assuming a transfer coefﬁcient of α = 0.57.

  Chronoamperometric measurements

  The catalytic oxidation of IP by DDECNPE was examined by chronoamperometry. Chronoamperograms acquired at a potential step of 250 mV are represented in Figure 4. In chronoamperometric studies, we have determined the diffusion coefﬁcient of IP for a DDECNPE. For IP with a diffusion coefﬁcient of D in cm2 s–1, the current for the electrochemical reaction (at a mass transport restricted rate) is described by the Cottrell equation.38

  
    [image: Equation 4]

  

  
    

    [image: Figure 4. Chronoamperograms obtained]

  

  where Cb is in mol cm–3 and D in cm2 s–1 are the bulk concentration and the diffusion coefﬁcient, respectively. The experimental plots of I versus t–1/2 for different concentrations of IP are depicted in Figure 4a. The slopes of the resulting straight lines were then plotted versus the IP concentration Figure 4b. Based on the Cottrell equation, using the slope of the linear relation in Figure 4b, we estimate the diffusion coefﬁcient of IP to be D = 2.42 × 10–5 cm2 s–1.

  We have also used the chronoamperometric method of Galus to determine the catalytic rate constant, k in mol-1 L s–1, for the reaction between IP and the DDECNPE:40

  
    [image: Equation 5]

  

  where IC is the catalytic current of IP at the DDECNPE, IL the limited current in the absence of IP and γ = kCbt (Cb is the bulk concentration of IP) is the argument of the error function. In the cases where γ exceeds 2, the error function is almost equal to 1 and the above equation can be reduced to:

  
    [image: Equation 6]

  

  where t in s is the time elapsed. The above equation can be used to calculate the rate constant (k in mol–1 L s–1) of the catalytic process. Based on the slope of the IC/IL versus t1/2 plot, k can be acquired for a given IP concentration. Such plots obtained from the chronoamperograms in Figure 4 are shown in inset c. From the values of the slopes, the average value of k was found to be k = 2.336 × 104 mol–1 Ls–1. The value of k explains as well as the sharp feature of the catalytic peak observed for catalytic oxidation of IP at the surface of DDECNPE.

  Calibration plot and limit of detection

  Since differential pulse voltammetry (DPV) has a much higher current sensitivity and suitable resolution from cyclic voltammetry, it was used to estimate the limit of detection of IP. Voltammograms clearly show that the plot of peak current versus IP concentration is constituted of two linear segments with different slopes (equations of I (µA) = 0.430 CIP (µmol L–1) + 17.1 (µA) for the first segment and I (µA) = 0.025 CIP (µmol L–1) + 36.3 (µA) for the second segment) corresponding to two different ranges of substrate concentration, 0.050 to 50.0 µmol L–1 for the first linear segment and 50.0 to 2000.0 µmol L–1 for the second linear segment. The decrease of sensitivity (slope) in the second linear range is likely to be due to kinetic limitation. From the analysis of data, we estimated that the lower limit of detection of IP is approximately 0.020 µmol L–1 based on the following equation:

  DL = 3Sb/m (where Sb is the standard deviation of the blank and m is the slope of the calibration plot).

  Table 1 shows some analytical parameters such as detection limit and linear range for determination of IP by the proposed electrode in comparison with some other electrochemical procedures. According to the Table 1, detection limit, linear range and pH that used at this work are better than other works.16,17,41,42

  
    

    [image: Table 1. Comparison of some electrochemical procedures]

  

  Simultaneous determination of IP, AC and FA

  DDECNPE was used for the simultaneous determination of IP, AC and FA by simultaneously changing their concentrations in the solution. Figure 5 insets a, b and c show the dependence of DPV peak currents on the concentration of IP, AC and FA at the DDECNPE, respectively. Differential pulse voltammetry results show three well-distinguished anodic peaks at potentials of 0.101, 0.385 and 0.690 V indicating that the simultaneous determination of IP, AC and FA is possible at the DDECNPE.

  
    

    [image: Figure 5. Differential pulse voltammograms]

  

  Also, using DDECNPE as the working electrode, we obtained the linear range simulation of the calibration curve for AC and FA as 50.0-1200 and 67.0-1600 µmol L–1 and the detection limit (3s) 0.385 and 0.690 µmol L–1, respectively.

  Real sample analysis

  In order to evaluate the analytical applicability of the proposed method, it was applied to the determination of IP in ampoule purchased from local sources. The concentration of IP was carried out by standard addition method in order to prevent any matrix effect. The amount of unknown IP in the ampoule can be detected by extrapolating the plot. The average amount of IP in the injection was found to be 0.18 ± 0.01 mg, which is in good agreement with the accepted value (0.20 mg). Also, for investigation of the applicability of DDECNPE for simultaneous determination of IP, AC and FA in real sample, this electrode was applied to mixture solutions. Table 2 shows the recovery percent of IP, AC and FA in synthetic solutions using DDECNPE by the standard addition method.
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  Interference studies

  The inﬂuence of various species interfering with the determination of IP was studied under optimum conditions. The tolerance limit was taken as the maximum concentration of the interfering that caused an error of less than ± 5% in the determination of IP. According to the results, Na+, Cl–, Mg2+, K+, l-lysine, glucose, tryptophan, n-acetyl cysteine, gemfibrojal, atenolol, pohenyl propanl and uric acid did not show interference in the determination of IP, but, 0.5 mmol L–1 of dopamine and ascorbic acid showed interference on determination of 0.5 mmol L–1 IP.

   

  Conclusion

  The DDECNPE was prepared and used for the investigation of the electrochemical behaviour of IP. The DDECNPE showed excellent electrocatalytic activity for the oxidation of IP. The DPV currents of IP at DDECNPE increased linearly with the IP concentration in the range from 0.050 to 2000 µmol L–1 with a detection limit of 0.020 µmol L–1.

  The DDECNPE exhibits high electrocatalytic activity for oxidation of IP, AC and FA. The high current sensitivity, low detection limit, the ease of preparation, high repeatability and high selectivity of the DDECNPE for the detection of IP prove its potential sensing applications. The results show that the oxidation of IP is catalyzed at pH 7.0.

  The peak potential of IP is shifted by 256 mV at the surface of the DDECNPE. Also, DDECNPE was used for determination of IP, AC and FA in some real samples.
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    Neste trabalho é proposta a combinação de um sistema flow-batch, pontos quânticos (QDs) e de uma webcam como detector para determinação espectrofluorimétrica automática de N-acetil-L-cisteina (NAC) em formulações farmacêuticas. O NAC gera interações superficiais com os QDs, que resultam no aumento proporcional da intensidade de fluorescência com a concentração do analito. Seletores de comprimento de onda não são necessários para o processo de excitação e emissão de fluorescência devido ao espectro de excitação alargado, a reação seletiva e específica entre QDs de CdTe e NAC, e o modelo matemático de tratamento das imagens digitais. O limite de detecção e o desvio padrão relativo foram estimados em 0,14 µg mL–1 e < 1,4% (n = 5), respectivamente. A exatidão foi avaliada através do teste de recuperação (98,5-102,8%). A robustez do método foi avaliada por comparação intra- e inter-dias, utilizando o método volumétrico de referência ao nível de 95% de confiança. O sistema apresenta robustez satisfatória, alta frequência analítica (153 h–1) e reduzido consumo de produtos químicos.

  

   

  
    The combination of a flow-batch system, quantum dots (QDs) and webcam as detector for the automatic spectrofluorimetric determination of N-acetyl-L-cysteine (NAC) in pharmaceutical formulations is proposed. NAC generates surface interactions that result in enhanced QD fluorescence intensity, which is proportional to analyte concentration. Wavelength selectors are not necessary for excitation and emission process due to the broad excitation spectrum of QDs, the selective and specific reaction between CdTe QDs and NAC, and the mathematical model employed for the treatment of digital images. The limit of detection and relative standard deviation were estimated at 0.14 µg mL–1 and < 1.4% (n = 5), respectively. The accuracy was assessed through recovery test (98.5 to 102.8%).The ruggedness of the method was assessed by comparison of the intra- and inter-day using the iodometric titration method at a 95% confidence level. The system presented satisfactory robustness, high sampling rate (153 h–1), and reduced chemical consumption.

    Keywords: flow-batch system, digital images, CdTe quantum dots, fluorescence, N-acetyl-L-cysteine, pharmaceutical formulations

  

   

   

  Introduction

  In recent years, several works have been developed involving the use of cadmium telluride quantum dots (CdTe QDs). These nanocrystals present attractive optical properties, such as size-tunable, broad absorption, narrow emission bands and good photostability. 1-3As the optical properties of CdTe QDs strongly depend on the nature of their surface, modifications of the latter with functional groups or biomolecules and the interactions that it could establish with specific analytes can result in dramatic changes in these properties. 4,5 In most CdTe QD applications, the detection is based on signal quenching, although more recently attention has been focused on signal enhancing, mainly associated with QD ability to sensitize distinct chemiluminescent systems. 6

  N-acetyl-L-cysteine (NAC), or simply acetylcysteine, is a derivative of the amino acid L-cysteine used, primarily, as pharmaceutical drug to reduce the viscosity of pulmonary secretions in respiratory diseases. 7 Other potential applications of this drug consist in using it to treat paracetamol overdoses,8 as a heavy metal chelating agent to clear the body of some toxic metals and as nutritional supplement by immunocompromised patients. 9

  The determination of NAC in pharmaceutical formulations is usually performed by methods based on high performance liquid chromatography (HPLC), as recommended by the United States Pharmacopeia10 or by iodometric titration method, as described by the Brazilian Pharmacopoeia. 11 Alternatively, several analytical methodologies with different detection techniques were developed and described in the literature for the quantification of NAC, with the automatic approaches that employ flow systems standing out. 12,13

  Recently, Frigerio et al. 13 developed a multipumping flow system (MPFS) for the determination of NAC in pharmaceutical formulations using CdTe quantum dots. The developed approach was based on NAC ability to establish surface interactions that result in enhanced nanocrystal fluorescence intensity, which is proportional to analyte concentration. This methodology allowed a simplification of the previous systems and brought important advantages in terms of analytical application, such as simplicity of assemblage and operation, compact and straightforward configuration increasing versatility and minimizing solution consumption. However, in this work, as in all others, the employed detection system was the conventional spectrofluorometer.

  The use of a webcam that is readily available in the market can be an alternative to a spectrofluorometer. This device does not require wavelength selection, allows simplification of the instrumentation, implements chemometric treatments due to the trivariate nature of the detection (when RGB data is used), as well as the spatial-resolution characteristics inherent in digital images. 14

  Digital image-based methods have frequently been used as an alternative for quantitative determinations in analytical sciences. 15-17 Recent advances in digital image acquisition technology have offered video cameras (webcam) based on charge-coupled devices (CCD), which are capable to capture digital images with up to 24 bits (16.7 million colors). In fact, by using the RGB color system, the primary colors are combined in different intensities with values varying in the range 0-255 (8 bits) per color. Thus, procedures based on digital images are very sensitive, since they include abilities to identify little difference between the colors of images (the analytical signals). 18

  The flow-batch (FB) system is a promising alternative for the development of novel automatic procedures using CdTe QDs because of its advantageous characteristics, such as sampling throughput, reduced chemical and sample consumption, efficient and fast homogenization. 19 These automatic systems use an instantaneous stop chamber drawn upon the useful features of batch and flow methods by using programmed multi-commutation. 20 The main component is the mixing chamber (MC) where the whole analytical process, including: fluid addition, sample pretreatment, homogenization, precipitation, extraction, preparation of calibration solutions, and detection, takes place under the total control of the software. 21 Classical (discrete) methods can be performed with precision, accuracy and speed similar to other flow analysis methods. 22

  In this work, for the first time, an automatic flow-batch system for the spectrofluorimetric determination of N-acetyl-L-cysteine in pharmaceutical formulations using CdTe quantum dots and a webcam as detector is proposed. The employed approach takes advantage of the capacity of the organic compound to generate surface interactions that result in enhanced CdTe nanocrystal fluorescence intensity, which is proportional to analyte concentration. 13 These nanocrystals were successfully synthesized in aqueous medium using mercaptopropionic acid (MPA).

   

  Experimental

  Reagent solutions

  All reagents were of analytical grade and freshly distilled and deionized water (> 18 MΩ cm–1) was used to prepare all solutions. Reagents were not subjected to any further purification.

  A 100 µg mL–1 N-acetyl-L-cysteine (NAC, Sigma) stock standard solution was prepared by dissolving 10 mg in 100 mL of deionized water and kept in the refrigerator. Standard solutions with concentration of 5.0 to 50.0 µg mL–1 of NAC were prepared, on a daily basis, by appropriate dilution of the above stock solution in 15 mmol L–1 acetate buffer solution at pH 5.2 to use in titrimetric reference method.

  For the synthesis of the CdTe QDs the following reagents were used: sodium borohydride (NaBH4, 99%), tellurium powder (200 mesh, 99.8%), cadmium chloride hemi (pentahydrate) (CdCl2·2.5 H2O, 99%) and 3-mercaptopropionic acid (MPA, 99%) purchased from Sigma-Aldrich. For adjusting the alkalinity of the reaction medium, a 1.0 mol L–1 NaOH solution was used. 19,23

  Sample preparation

  Ten commercial pharmaceutical formulations from several manufacturers were purchased from local suppliers in João Pessoa, Paraíba, Brazil. Five formulations in granulated form and five in liquid form containing NAC were analyzed according to the automatic proposed procedure. For the granulated forms, these were accurately weighed, dissolved in water and filtered. For the determination of N-acetyl-L-cysteine content, only dilutions with 15 mmol L–1 acetate buffer solution at pH 5.2 were required. The amounts of sample were defined in accordance with the labeled NAC contents of the assayed samples.

  Apparatus

  A tungsten-halogen lamp (Ocean Optics, model LS-1-LL) was used as radiation source to promote CdTe QD fluorescence. A Philips VGA webcam with a CCD sensor (model SPC900NC) was used in conjunction with LabVIEW2013 (National Instruments) software to control the flow-batch analyzer. The pictures were captured by means of the software written in Delphi (version 3.0). The webcam was connected to the USB port of an Intel Core2Duo 2 Gigabyte microcomputer (PC), and configured to capture 24-bit digital images (16.7 million colors) at a rate of 30 frames s–1 and a 640 × 480 pixels spatial resolution.

  Four solenoid mini-pumps (Takasago Fluidic Systems, model MLP-200TF, 12VDC, 36453)24 with nominal values of 200 µL were used for the fluidic addition in the mixing chamber of the automatic system. The solenoid mini-pumps were controlled by the microcomputer using an USB interface (USB6009, National Instruments)25 and an external lab-made electronic actuator (Figure 1), which provided the required increase in power (potential difference and current) for the signal sent by the microcomputer.

  
    

    [image: Figure 1. Schematic diagram of the lab-made]

  

  The circuit of the lab-made electronic actuator is based on an ULN2803 integrated circuit. As described in its data sheet,26 this device is a high-voltage, high-current Darlington transistor array with eight NPN Darlington pairs that feature high-voltage outputs with common-cathode clamp diodes for switching inductive loads. The collector-current rating of each Darlington pair is 500 mA. The Darlington pairs may be connected in parallel for higher current capability.

  For the characterization of the synthesized nanocrystals, QDs absorption spectra were obtained by using a UV-Vis spectrophotometer (model 8453, Hewlett-Packard). The fluorescence measurements were performed by a multi-channel CCD spectrophotometer (model USB4000, Ocean Optics) with a tungsten-halogen light source (model LS-1-LL, Ocean Optics). A glass flow cell with 1-cm optical path and 80 µL internal volume (Hellma, Plainview, NY, USA) was used with two 100 µm i.d. optical fibers.

  Synthesis of CdTe QDs

  CdTe QDs were synthesized as previously described19,23 with some modifications. Briefly, NaHTe solution was prepared by reaction between NaBH4 (1 × 10–3 mol) and the tellurium powder (0.4 × 10–3 mol) in N2 saturated water (20 mL). The reaction mixture was heated at 80 ºC for 30 min under N2 flow to get an intense red clear solution. Then, the NaHTe solution obtained was stored for further use at room temperature still under the protection of N2.

  The resulting NaHTe solution was transferred to another flask containing CdCl2 (4 × 10–3 mol) and MPA (7 × 10–3 mol) in a 100 mL N2 saturated water solution. The pH of the solution was adjusted to 11.5 by addition of 1.0 mol L–1 NaOH solution. The Cd2+:Te2–:MPA molar ratio was fixed as 1:0.1:1.7. CdTe QD size was tuned by varying the heating time. In order to remove the contaminants, purification of QDs was performed by precipitation in absolute ethanol. The precipitate fractions were subsequently centrifuged, vacuum dried and kept in the refrigerator.

  The nanocrystal size for the synthesized CdTe QDs was calculated as shown in equation 1:27

  
    [image: Equation 1]

  

  where D is the diameter or size of the nanocrystals (nm) and λ is the wavelength of maximum absorbance corresponding to the first excitonic absorption peak of the crystal.

  CdTe QD aqueous solution molar concentration was determined by appraising the extinction coefficient (ε), calculated as shown in equation 2:27

  
    [image: Equation 2]

  

  where ΔE is the transition energy corresponding to the first absorption peak expressed in eV. D (nm) is the size of the CdTe QDs. Knowing both ε and the absorbance peak of the nanocrystal solution, the molar concentration was calculated by applying Lambert-Beer's law.

  Flow-batch system

  A schematic diagram of the proposed flow-batch is shown in Figure 2. The homemade mixing chamber (MC) was built of polytetrafluoroethylene (PTFE). It has a total volume of 2.0 mL and three quartz windows (W1, W2 and W3) mounted at 180º and 90º from each other (1 cm optical path).

  
    

    [image: Figure 2. The flow-batch diagram. Mixing chamber]

  

  The webcam was used in the proposed system as a simple and inexpensive detector for measuring fluorescence emission, just as a photomultiplier tube actuates in spectrofluorometers, i.e. , a detector placed at 90 degrees of excitation beam. So, the webcam was placed at a position (see top view of Figure 2) such that the digital images are captured through W1 perpendicular to the radiation beam from the tungsten lamp,which enters W2 and exits thru W3. Although this configuration at 90 degrees does not guarantee complete elimination of an eventual spurious radiation from the excitation source (tungsten-halogen lamp), it is significantly removed by subtracting the blank picture (CdTe QDs without analyte) from pictures of the samples and standard solutions (see "Treatment of digital images and mathematical model" and "Captured digital images" sections). Moreover, this system was mounted onto a suitable support in a black (darkroom) box measuring 15 cm × 12 cm × 9 cm, to preserve the system from the effects of spurious environmental radiation while in operation.

  The fluids are added with solenoid mini-pumps with nominal values of 200 µL (µP1 to µP4) per pulse. Teflon® tubes with 0.5 mm internal diameter were used for fluid transport. The mixture of solutions was performed by a stirring bar (SB) located inside the mixing chamber (MC), driven by a magnetic stirrer (MS).The magnetic stirrer is not stopped during all analytical procedure, including the image acquisition stage.

  Automatic analytical procedure

  Before starting the analytical procedure, solenoid mini-pumps µP1-µP3 are simultaneously switched on (for 5 pulses) and the working solutions (S, QDs, C) are pumped towards the MC to fill the channels between the mini-pumps and the chamber. Then, immediately, the discard µP4 is opened for 3 pulses and then all MC content is emptied by displacing the solution contained in them towards waste. This channel filling procedure is very important and must be carried out whenever there is a change of the reservoir liquids.

  The analyzer was operated as described in Table 1 for the N-acetyl-L-cysteine determination using digital images. The solenoid mini-pumps were actuated at 2 Hz, yielding flow rates of 24 mL min–1 (µP1 to µP4).

  
    

    [image: Table 1. Switching course of the solenoid mini-pumps]

  

  Sample or standard solution (3 pulses, adding 600 µL by µP1) and CdTe quantum dot solution (3 pulses, adding 600 µL by µP2), were added simultaneously. The homogenization was performed by the stirring bar (SB) located inside the MC. Then, ten digital images (pictures) were captured and archived for later post processing. Finally, all content of MC was aspirated towards waste (6 pulses, removing 1200 µL by µP4).

  Afterwards, the MC is cleaned by activation of µP3 (6 pulses, adding 1200 µL by µP3), adding 1200 µL of the water while activated, and agitation for cleaning occurs for 2 seconds. Then, µP4 is activated (6 pulses, removing 1200 µL by µP4) to discard the contents of the MC. This cleaning and discard procedure must be done twice to effectively clean the MC.

  The procedure for in-line blank preparation is similar to the one described for the sample analysis. The difference is that activation of µP3 (3 pulses, adding 600 µL by µP3) is used instead of the sample or standard solutions.

  Treatment of digital images and mathematical model

  The treatment of the captured digital images was made by means of a second software also written in Delphi (version 3.0). The routine with the working stages of this software is similar to that used elsewhere14,18 and illustrated in Figure 3.

  
    

    [image: Figure 3. Routine of the software for digital image]

  

  Initially, the user selects the most homogeneous region in the picture which will define the coordinates of the selected region, and will also be used for all other images. Then the software scans all the pixels column by column to extract the RGB component for each pixel and calculate a mean integer value for each RGB component. These mean values are used in the RGB-based value calculation (analytical response) as described below.

  The RGB-based values were calculated by means of a mathematical model developed from the concept of vector norm "||ν||",28 calculated as shown in equation 3:

  
    [image: Equation 3]

  

  where [image: Caracter 1]s–b, [image: Caracter 2]s–b and [image: Caracter 3]s–b result from the difference between the [image: Caracter 4]s, [image: Caracter 5]s and [image: Caracter 6]s average values obtained from digital images of the standard solutions and samples and [image: Caracter 7]b, [image: Caracter 8]b and [image: Caracter 9]b from the blank.

  As a result, a linear relationship was observed between the analyte concentration (C) in the standard solution (or sample) and RGB data, for which the following equation is valid:

  
    [image: Equation 4]

  

  As demonstrated in previous work,14,18 equation 4 provides the basis for building micro flow-batch analysis (µFBA) analytical curves, establishing a linear relationship between ||ν|| (RBG data value adopted as analytical response) and analyte concentration in standard solutions. Furthermore, the vectors associated with the digital images from each analyte should be positioned on the same support line in the RGB three-dimensional space.

  Reference method

  The experimental results using a flow-batch system for the determination of N-acetyl-L-cysteine in pharmaceutical formulations were compared with those obtained by iodometric titration method, as described in the 5th edition of the Brazilian Pharmacopoeia. 11 The method consists in the titration of N-acetyl-L-cysteine solutions with 0.05 mol L–1 iodine, in the presence of 1 mL of starch as indicator.

   

  Results and Discussion

  Flow-batch parameters

  The determination method is based on the interaction of N-acetyl-L-cysteine (NAC) with CdTe QDs. The developed approach was based on NAC ability to establish surface interactions that result in enhanced nanocrystal fluorescence intensity, proportional to analyte concentration, as shown in Figure 4a. The maximum emission peak for the NAC-CdTe QDs is 636 nm (Figure 4a). The interaction with the dots' surface can be explained by complexation of incompletely bonded cadmium ions (Cd2+ surface traps) which contributed to improve dot passivation inducing a quantitative modification of the optical properties. 13

  
    

    [image: Figure 4. (a) Fluorescence enhancement]

  

  A preliminary spectrofluorimetric evaluation was performed for four different sizes of CdTe QDs being 1.82, 2.34, 2.93 and 3.25 nm, corresponding with the fluorescence peaks of 521, 540, 582 and 636 nm, respectively. This study did not reveal significant influence (of the sizes) on the measured fluorescence signal (NAC-CdTe QDs), under equivalent conditions of pH and concentration. Therefore, the 3.25 nm nanocrystals employed at 5 × 10–4 mol L–1 CdTe QDs were chosen for the digital image studies.

  Fluorescence emission is closely related to the interaction of NAC with the QDs surface (at pH 5.2). This radiation emission of the samples (Figure 4b) enables the use of a webcam as detector (for the picture capture) due to the selective and specific reaction between CdTe QDs and NAC present in the samples. Moreover, CdTe QDs are characterized by their broad excitation spectrum,29,30 allowing the use of an inexpensive excitation source (tungsten-halogen lamp, for example). Thus, for excitation, a wavelength selector is not necessary for the proposed system and method.

  The webcam was only used in the proposed system as a simple and inexpensive detector for measuring fluorescence emission. An eventual spurious radiation from the emission source (tungsten-halogen lamp) is removed with the subtraction of the blank picture. A wavelength selector is also not necessary due to the mathematical model employed for the treatment of digital images.

  Volumes of samples of CdTe QD solution to be added inside MC during the automatic procedure were evaluated in order to improve the sensitivity and reproducibility of the analytical signal. Volumes of 600 µL of sample (or standard solution) and reagents were selected as the best compromise between reproducibility and sensitivity considering the minimum volume of the MC (1200 µL), which is necessary to fulfill its optical path with the processed fluid.

  Captured digital images

  Figure 5 shows the digital images obtained from five standard solutions with different concentrations. The first image of the sequences is the blank solution. All images represent a selected area equal to 50 × 80 pixels. As can be seen in Figure 5, the images present an increase in the intensity for the color orange with analytical concentration in each standard solution.
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  Each sampled image is a matrix with 640 × 480 pixels and the delimited region by the user is a matrix with about 50 × 80 pixels. The pixel resolution is 87 × 87 dots per inch. The RGB-based value calculations are based on the product 2R × 2G × 2B, where R, G and B are the red, green and blue color components, respectively. These components may assume integer values in a range from 0 to 7, reaching up to 16,777,216 colors.

  Other linear relationships between complex color and the ratios B × R–1, B × G–1, B × (Itot)–1 (Itot = RGB) and log (B) were also studied to possibly maximize precision, as already done in other papers. 14,17,18 However, in all cases the results were poor when compared to using vector norm for concentration of the complex formed. The statistical quality of the regression was verified by the residuals and analysis of variance (ANOVA). They confirmed the homoscedastic distribution of residuals and a significant linear regression.

  Potentially interfering substances

  The selectivity of the method using digital images was investigated by studying the effect of excipients usually found in pharmaceutical formulations, such as ethylenediamine-tetraacetic acid (EDTA), sodium chloride (NaCl), sodium benzoate, citric acid and sucrose. 12,13 Samples containing NAC at a fixed concentration of 15 µg mL–1 and increasing concentrations of the excipient (up to a 100-fold molar ratio) were analyzed by the developed automatic method. A compound was considering as non-interfering if the analytical signal variation was ± 3% when compared to the one obtained in its absence. The results (Table 2) showed that under the system operating conditions, no interfering effect was observed.
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  FBA applications

  For the determination of N-acetyl-L-cysteine (NAC) in pharmaceutical formulations using FB and webcam as detector, the regression equation of the analytical curve was R = 91.995 + 1.2614C, where R is the analytical response and C is the NAC concentration in µg mL–1 in the measuring solution. The squared linear correlation coefficient, r2 was 0.998 (n = 5) in the range between 5.0 to 50.0 µg mL–1. This curve was statistically validated by analysis of variance (ANOVA), showing no significant lack of fit in the proposed models at a 95% confidence level. The limit of detection (LOD) and the limit of quantification (LOQ) were estimated based on the criteria established by the International Union of Pure and Applied Chemistry (IUPAC)31 and their values were 0.14 and 0.48 µg mL–1, respectively.

  Table 3 presents the results for the proposed FB, and the reference method for the NAC in pharmaceutical formulations. No statistically significant differences were observed between the results at a confidence level of 95% when applying the paired t-test. The relative standard deviation (RSD%) was less than 1.4% (n = 5).
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  Importantly, based on the results presented in Table 3, the effect of spurious and environmental radiation was not significant to NAC determination when using a webcam as a detector. This result may have been obtained due to the use of CdTe nanocrystals, which emit a characteristic narrow and well-defined spectral radiation, independent of the excitation wavelength. Also, the use of a black box (darkroom), where the measurements occurred, did not allow environmental radiation interference while capturing the pictures.

  Besides the comparison with the reference method, the use of a recovery test is another means of assessing the accuracy of the proposed method. The recoveries were investigated using three different pharmaceutical formulations. The volume of 1.0 mL standard solution with known concentrations of 5.0, 15.0 and 25.0 µg mL–1 was added to 9.0 mL of the pharmaceutical products (20.3, 100.3 and 120.2 mg mL–1 of NAC), for measurement using the proposed FB system. The recovery values obtained are shown in Table 4. As can be seen, the recoveries obtained for each of the samples were within the 98.5-102.8% range.
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  Table 5 presents selected analytical features of the proposed FBA and other recent procedures,12,13 as described in the literature, for NAC determination in pharmaceutical formulations. In general, FB (compared to the other methods) presents satisfactory parameters, such as detection limit, relative standard deviation (RSD%), working range and sampling rate. Moreover, the proposed system does use carrier fluid to transport the sample towards the detector, as in previous papers. 12,13
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  Conclusions

  In this study, we proposed the use of FB system as a novel strategy for spectrofluorimetric quantitative chemical analysis involving the use of QDs and digital images. The proposed methodology was successfully applied for the automatic spetrofluorimetric determination of N-acetyl-L-cysteine (NAC) in pharmaceutical formulations using CdTe QDs.

  NAC generates surface interactions that result in enhanced QD fluorescence intensity, which is proportional to analyte concentration. Wavelength selectors are not necessary for excitation and emission process due to the broad excitation spectrum of QDs, the selective and specific reaction between CdTe QDs and NAC, and the mathematical model employed for the treatment of digital images.
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    Celulose bacteriana (BC) foi utilizada nesse estudo como molde na preparação de compostos do tipo hidrotalcita ou hidróxidos duplos lamelares (LDHs) pelo método da co-precipitação e submetida a três tempos de envelhecimento distintos. Os compósitos isolados contendo LDH suportado na BC (BC-LDH) foram calcinados para remoção da matriz orgânica. Os óxidos metálicos mistos formados após a decomposição térmica sofreram reação de reconstrução na presença de uma solução de Na2CO3 para produzirem novamente materiais do tipo hidrotalcita (RBC-LDH). Para avaliar a influência da BC na formação do LDH, também foram analisadas as frações de LDH que não aderiram às fibras da BC e, também, o LDH sintetizado na ausência da membrana polimérica. Os difratogramas de raios X dos compósitos BC-LDH exibem picos alargados relacionados com a matriz orgânica semi-cristalina, indicando um grande nível de interação entre as fases orgânica e inorgânica. A interação também é evidenciada pelas mudanças nos perfis de decomposição dos compósitos com relação ao polímero prístino. As imagens de microscopia eletrônica de varredura mostraram a formação de partículas arredondadas submicrométricas de LDH após a remoção da membrana (RBC-LDH), diferentemente do hábito de rosetas exibido pelo LDH prístino. O envelhecimento é uma componente chave no processo de crescimento de todas as amostras de LDH produzidas, resultando na formação de partículas inorgânicas maiores à medida que o tempo aumenta. O compósito RBC-LDH envelhecido por três dias apresenta um aumento significativo na área superficial (mais do que três vezes) se comparado ao LDH preparado na ausência de BC.

  

   

  
    Bacterial cellulose (BC) was used as a template for preparation of Hydrotalcite-type compounds or layered double hydroxides (LDHs) by co-precipitation method, and submitted to three aging times. Isolated composites containing LDH supported on BC (BC-LDH) were calcined to remove the organic matrix. Mixed metal oxides formed after thermal decomposition underwent reconstruction reaction in Na2CO3 solution producing again hydrotalcite-like materials (RBC-LDH). To evaluate the influence of BC on the LDH formation, it was also analyzed LDH fractions not attached to the BC fibers and LDH synthesized in absence of the polymeric membrane. XRD pattern of BC-LDH composites show broadened peaks related to the organic semi-crystalline matrix, indicating a deep level of interaction between organic and inorganic phases. Interaction is also evidenced by changes in the composites thermal decomposition profiles compared to pristine polymer. SEM images revealed formation of submicrometrical round-shaped LDH particles after removal of membrane (RBC-LDH), differently from the plate-habit exhibited by pristine LDH. Aging plays a key role in growth of all LDHs samples, leading to the formation of larger inorganic particles as time is increased. RBC-LDH aging for three days shows significant improvement in the surface area (more than three times) if contrasted to LDH prepared in BC absence.

    Keywords: layered double hydroxides, bacterial cellulose, polymers, template synthesis

  

   

   

  Introduction

  The search for nanostructured materials has become a challenge during the last decades due to some unique properties that can be achieved once such particles are obtained. These drastic changes are mainly caused by an increase in the ratio of the surface in comparison to the volume of particle which means a highest availability of reactive sites.1 This is an especially important feature in heterogeneous catalysis field, where a large exposed surface of catalyst is beneficial to the promoted reaction, resulting in a substantial decrease in the amount of catalyst to be introduced in the system.2

  Among the synthetic procedures available to obtain small particles, routes that originate in situ materials with submicrometrical dimensions, usually inserted in the "bottom-up" approach, present several advantages.3 In situ assembly of nanostructures has the intrinsic ability to generate particles with a narrow distribution of both shape and size, allowing good control of the resulting product. When compared to conventional processing of larger particles, commonly assigned to "top-down" approach, synthetic methods that produce in situ nanoparticles possess great advantage over conventional physicochemical treatments. Particles processing may involve generation of unwanted and/or harmful residues such as in chemical treatment with strong acids and/or oxidizing agents. Notwithstanding, considerable expenses of energy and time are required in "top-down" processes such as milling and laser ablation, usually leading to particles presenting unwanted broad size dispersion.4

  One facile way to induce the formation of submicrometrical to nanometrical particles is by introducing exogenous species in the reaction medium that are not responsible for the actual chemical reaction but can serve as support to assembly the growth of structures through non-covalent chemical interactions.5 Organic and inorganic particles, such as membranes, rods and a wide variety of solids, can be introduced in the liquid media in order to have such function. The presence of certain functional groups as a structure-directing agents is indispensable to create an anchor point between the support and the growing crystallites and therefore, modifying its growth pattern.6,7

  A particular case where exogenous substrates could lead to tuning the size of particles is in layered double hydroxide (LDH) systems. LDH is usually constituted by divalent and trivalent cations lying in the center of octahedral sites surrounded by hydroxyl groups, forming positively-charged sheets (Figure 1a). In order to counterbalance the layer charge arising from the presence of trivalent cations, anions occupy the interlayer domain between two adjacent sheets.8-11 LDH is found in nature as a mineral called hydrotalcite, with chemical formula Mg6Al2(OH)16CO3∙4H2O. The whole system can be tuned in order to produce particles with different cations in the layer structure and anions in the interlayer domain, giving rise to a broad diversity of LDHs that can be synthesized with different properties.10,12,13
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  Layered double hydroxides possesses a wide range of applications such as catalysts, fire retardants in formulations of plastics such as PVC, in drug delivery systems, ceramic precursors, as adsorbents, stabilizing agents for dyes and multipurpose anionic exchangers.10,14-18

  The use of organic templates to create novel LDH-based structures was reported by Leroux et al..19 LDH was prepared in the presence of polystyrene beads, resulting in the impregnation of the surface beads with the inorganic material. After removal of the organic fraction by either solubilization in appropriate solvent or by calcination, the remaining inorganic fraction still kept the three-dimensional network of voids surrounded by LDH particles, giving rise to a monodisperse macroporous framework.

  Changes in the synthetic procedures to obtain layered double hydroxides often promote modifications in the morphology of particles. This is an important feature especially in biological systems, where the shape of an exogenous particle directly reflects in the extension of its acceptance to the interior of a cell through endocytosis.20 Furthermore, the shape factor was proven to affect not only the entrance of outside particles, but also exhibit a preferred accumulation in some specific sites along the cell. Xu et al.21 synthesized LDH-based particles with different morphologies and studied the distribution of such materials along mammalian cells. It was reported that nanorods particles, once inside the cell, are translocated to the interior of the nucleus, while nanosheets of the same material remained along the cytosol. Such approach can be used to create novel materials to interact with specific sites in living organisms, broadening the options for their use in cellular biomedicine.21

  An interesting external agent that can be added to the reaction medium while LDHs are being synthesized is bacterial cellulose (BC). BC is a lignin free polymer obtained from Gluconacetobacter xylinus cultures.22,23 When harvested under proper circumstances, this bacteria has the ability to secrete bundles of cellulose chains as part of its metabolism and therefore, allowing the production in large scale of these membranes, that can vary in thickness depending on the culture time.24,25 As a remarkable characteristic, BC exhibits a large random net-like three dimensional network comprised of bundles of cellulose chains packed to form nanometrical ribbons.24 Cellulose chains are formed by β-D-glucopyranose monomers containing three hydroxyl groups (Figure 1b) that can serve as a bridge for LDH nucleation. When hydrated, BC presents large pores along the whole structure,24 resulting in a possible and vast interface for interactions and therefore, interfering in the growth pattern of the inorganic particles.26 Barud et al.27 have investigated the influence of BC in the formation of silica particles. It was found out that under certain conditions, bacterial cellulose can generate silica nanospheres ranging from 20 to 30 nm and also giving rise to completely homogeneous hybrid systems.

  This work aims to use the polysaccharide bacterial cellulose as a template to synthesize LDH materials of hydrotalcite-type and evaluate the potential changes in chemical composition, structure, morphology and surface area of the LDH particles arisen from different synthetic procedures. Samples were evaluated using X-ray diffractometry (XRD), elemental chemical analysis, field emission gun scanning electron microscopy (FEG-SEM), thermogravimetric analysis (TGA) and surface area measurements (using Brunner-Emmett-Teller model). This bio-inspired route was never used before to the layered double hydroxide (LDH) synthesis.

   

  Experimental

  Materials

  Never-dried bacterial cellulose membranes were obtained from cultures of wild strains of Gluconacetobacter xylinus23 and rinsed with deionized water prior to the synthesis. Magnesium chloride (MgCl2∙6H2O), aluminum chloride (AlCl3∙6H2O), sodium carbonate (Na2CO3) and sodium hydroxide (NaOH) were purchased from Merck.

  Synthesis of layered double hydroxide-bacterial cellulose composites (BC-LDH)

  BC-LDH materials were prepared using co-precipitation method8,10 by slowly dropping a 0.25 mol L–1 solution containing Mg2+ and Al3+ cations (3:1 molar ratio) to a stirred solution containing CO32– anions. This solution was previously adjusted to pH 9 and contained a 7 × 7 × 0.2 cm3 membrane of never dried bacterial cellulose. The system was kept at room temperature and the pH was kept between 9 and 10 during the synthetic procedure. Later, the reaction vessel was closed and the mixture was allowed to age for different periods of time under stirring (1, 3 and 6 days). Each sample was produced in different reaction vessels. After aging, the membranes were removed from the vessels, washed with deionized water and allowed to dry at room temperature for 4 days in Petri dishes. The remained solid in suspension was collected by centrifuging, washed with deionized water and dried in a desiccator containing silica-gel for 4 days.

  In order to analyze the influence of bacterial cellulose on the formation of LDH particles, the same procedure to synthesize LDH was adopted in absence of the polymeric membrane. The membranes containing LDH particles were labeled as BC-LDH "X" days, with x = 1, 3 or 6. LDH samples obtained in the presence of the membrane but not attached to it were labeled as Out-LDH "X" days and the LDH formed in the absence of bacterial cellulose as LDH "X" days.

  Calcination of BC-LDH composite materials

  The removal of the organic matrix was carried out by a thermal treatment in a tubular oven with continuous air flow of 50 mL min–1 heated from room temperature to 500 ºC for 2 h using a heating rate of 10 ºC min–1. After thermal treatment, samples were immediately suspended in a 0.5 mol L–1 sodium carbonate solution for 24 h and subsequently collected by centrifuging. The isolated solid was allowed to dry in a desiccator containing silica-gel for 4 days. All the collected powder fractions from the previous synthesis (Out-LDH and LDH series) were submitted to the same thermal treatment and suspended in water containing CO32– anions to assure that any observed changes were related solely due to different synthetic conditions. The treated materials were coded with an R before the original code to represent the thermal processing and reconstruction. Therefore, samples were labeled RBC-LDH X, ROut-LDH X and RLDH X days.

  Materials characterization

  XRD patterns were collected on a Rigaku Miniflex diffractometer using Cu-Kα radiation (λ = 1.5451 Å) equipped with Ni filter and operating at 30 kV and 15 mA. Step size used to collect data was 0.03º and the angular domain analyzed was comprised between (2θ) 1.5 and 70º. TGA were carried out on a Netzsch STA 490 PC Luxx equipment at heating rate of 10 ºC min–1, using alumina crucible loaded with 15 mg of sample under synthetic air flow of 50 mL min–1. The morphology of obtained materials was evaluated by field emission scanning electron microscopy (FE-SEM) on a JEOL JSM-7000F microscope (from Central Analítica of Instituto de Química da Universidade de São Paulo, IQ-USP) using uncoated samples attached to a Cu ribbon and operation tension of 1 kV. Surface area measurements (BET method) were obtained by nitrogen gas adsorption using Quantachrome Nova 1000e Surface Area equipment at a single point of P/P0 = 0.32. All the samples were degassed at 150 ºC for 1.25 h prior to the measurements. Mg and Al content on LDH samples were analyzed using inductively coupled plasma-atomic emission spectrometry (ICP-AES) on a Spectro Ciros CCD equipment (from Central Analítica, IQ-USP), after previous digestion of the samples with nitric acid solution. The results obtained by ICP were obtained as mean values of a duplicate.

   

  Results and Discussion

  The X-ray diffractograms of prepared materials and pristine bacterial cellulose membrane are shown in Figure 2. The peaks are assigned to both LDH phase (non-bold numbers)28,29 and BC phase (bold numbers).30 Pristine bacterial cellulose exhibits two main peaks centered at (2θ) 14.5 (d = 6.1 Å) and 22.7º (d = 3.9 Å) and a shoulder at (2θ) 16.6º (d = 5.3 Å). These three signals are the contributions of two distinct crystalline phase organizations, known as Iα and Iβ.30-32
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  During the reaction to produce the LDH material, it is expected that part of the inorganic crystals formed is anchored to hydroxyl groups present in the β-D-glucopyranose units of polymer chains through hydrogen bonds with –OH groups from LDH surface. The –OH groups from polymer can also serve as nucleation points to start the ordered growth of inorganic particles due to its interaction with Mg2+ and Al3+ ions in solution. In both cases, the groups of polymer main chain (both –OH and CHx groups) can affect the crystal growth of inorganic particles. Diffraction patterns obtained for BC-LDH samples present three diffraction peaks. The first peak at (2θ) 11.3º (d = 7.8 Å) is associated to the LDH phase intercalated with CO32– ions ((003) planes).28,33 The intensity of these peaks is fairly small, possibly related to a concentration effect and also due to a decrease in the organizational level of stacking induced by bacterial cellulose during the formation of LDH layers. Diffraction patterns also present a relative broaden peak centered at (2θ) around 22.5º (d = 3.9 Å), related to both signals of crystalline structures of bacterial cellulose and the stacking plane (006) of LDH. All BC-LDH aged samples present a peak at (2θ) 14.5º (d = 6.1 Å) associated to the crystalline phases of polymer.30,34 However, a slightly change is observed in the relative intensity of the peaks at (2θ) 14.5 and 22.7º for the BC-LDH membranes aged for longer periods, which could be caused be an increase in the signal of the amorphous region. For BC-LDH 6 days sample, a peak at (2θ) 16.4º (d = 5.4 Å) emerges where it could be seen only a shoulder in the pristine BC signal. This result could both indicate an intimate contact between both organic and inorganic phases and also a change in the ratio of crystalline structures Iα and Iβ due to the long contact of polymer with basic medium during aging period. XRD patterns of Out-LDH sample (Figure 2f) indicated no significant structural changes in comparison to LDH samples with the same aging time prepared in absence of BC (Figure 2e).

  SEM images are shown in Figure 3. Pristine bacterial cellulose exhibits a fibrilar net-like surface, with bundles of well-packed microfibrils due to the water removal process employed. On the other side, LDH particles attached to the membrane after 6 days of aging are presented as a fair amount of small rounded aggregates of inorganic particles. It is also noticed a considerable separation among the fibrils possibly due to some level of formation of LDH particles in deeper regions of bacterial cellulose. Out-LDH samples also presented the same rounded shape aggregates although the particle size is considerably larger than the LDH particles attached to the polymer.
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  Meanwhile, LDH phase is synthesized in presence of BC membrane, parts of the LDH in course of formation that are already attached to the fibrils are subject to alter its morphology due to the interaction of grown parts of particle with other sites within the anchored fibril or adjacent ones, as shown in Figure 4. It is possible to suggest that due to a size growth limitation caused by the interaction of the edges of LDH phase with BC fibrils, the formation of spherical inorganic particles is observed.
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  During the growth period of the inorganic layered structure, the average mass of part of LDH particles formed can exceed the limit that a fiber could physically hold and due to stirring used during the synthesis and through the different aging times, it can be detached and released to the aqueous medium, affecting its growth pattern and therefore, increasing their average diameter. The LDH formed in absence of BC is presented as heavily packed blocks due to the slowly drying process, forming large micrometric aggregates (Figure 3). The absence of the regular so-called sand-rose morphology35 on BC-LDH samples indicates some disorientation effect of membrane in the crystallization of LDH.

  TGA curves of pristine and hybrid materials are shown in Figure 5. Pristine bacterial cellulose exhibits three main mass loss steps, where the first one is associated to the release of water molecules attached to the fibrils, ranging from room temperature up to 150 ºC and mass loss of 6 wt. % (Figure 5a). At the temperature around 230 ºC, the polymer chains of the carbohydrate start undergoing partial oxidative decomposition up to 350 ºC and, as consequence, a mass loss of 58 wt. % is observed. Above this temperature, the remained char undergoes another oxidative step up to 485 ºC, comprising a 36 wt. % of mass loss.23 It is noticed a slight anticipation in the beginning of the second event of mass loss for the BC-LDH samples in comparison to pristine BC. This feature can be associated to a decrease in the interaction level of hydrogen bonds of adjacent polymer chains due to the presence of inorganic particles, as suggested by De Salvi et al..36 Based on its TGA curve profile, bacterial cellulose is a suitable support for the synthesis of LDH particles since it can be completely removed when heated up to temperatures around 500 ºC.
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  Hydrotalcite-like materials present two main steps of mass loss, as exemplified in Figure 5e. The first event is related to loss of water molecules adsorbed on the LDH platelets and also in the interlayer domain. The total water content is approximately 13.5 wt. %, whereas the temperature range associated to this mass loss occurs from room temperature up to 210 ºC. In the second event, a major loss of hydroxyl groups (dehydroxilation) takes place. Release of carbonate anions in the form of CO2 may also occur,8,37 giving rise to a rocksalt structure of Mg6Al2O9 composition at about 450-500 ºC, that is converted to a mixture of MgAl2O4 and MgO at higher temperatures.8,11,38,39 This event starts at 220 ºC (and can still occur to temperatures up to 600 ºC) and presents a total mass loss of 26 wt. %. The hydrotalcite-like compounds decomposition can be represented by the following chemical equation:39

  [Mg6Al2(OH)16]CO3.xH2O(s) → Mg6Al2O9(s) + CO2(g) + (8+x) H2O(g)

  Mg6Al2O9(s) → 5 MgO(s) + MgAl2O4(s)

  TGA curves of BC-LDH composites (Figures 5b-d) show two major differences in relation to pristine bacterial cellulose. The inorganic particles tend to slightly lower the first oxidative decomposition step of polymer and also change the profile of the second step of mass loss of the carbohydrate, indicating a close interaction between both phases. These results corroborate the proposition of hydroxyl groups from polymeric chains acting as nucleating sites for the LDH particles to grow along its net-like structure.

  LDH containing especially Mg2+ and Al3+ cations present a unique feature named "memory effect" that allows the regeneration of its original structure after thermal treatment up to about 500 ºC. After dehydration and decomposition of the anions present in the interlayer domain, the product of the topotactic decomposition of LDH (the unstable rocksalt Mg6Al2O9) can be converted to LDH if added to water or an aqueous solution containing anions, or just kept in contact with air. The brucite-like layered structure is regenerated in a process known as reconstruction reaction.39-41

  XRD patterns of heat treated and rehydrated LDHs are shown in Figures 6a-c (RBC-LDH) and 6d (RLDH). RLDH 3 days sample was fully restored to its original crystalline structure after employing the previously described procedure. It also applies to all the recovered LDHs that were once attached to the membrane (RBC-LDH), matching the same peak positions with LDH intercalated with carbonate anions.

  
    

    [image: Figure 6. XRD patterns of RBC-LDH]

  

  All recovered samples from RBC-LDH series present also three sharp peaks at (2θ) 31.6 (d = 2.8 Å), 45.3 (d = 2.0 Å) and 56.3º (d = 1.6 Å). These peaks are associated to a small amount of NaCl phase42 carried onto BC membrane during LDH synthesis and was not fully removed during washing process. It is also noticed that time plays a major role to stabilize more crystalline particles when layered double hydroxides are synthesized.

  The recovered LDH that was aged for only one day (Figure 6a) presents all peaks associated to a regular LDH phase intercalated with carbonate anions but its signal is fairly low intense when compared to other materials aged for longer times (Figures 6b-c). It means that the system obtained in this case presents less crystalline organization and could lead to particles with greater surface area due to lack of a major organization.43 On the other hand, when LDH particles in solution are allowed to age for longer periods of time, partial solubilization of LDH particles and growth of previous existing ones lead to a better accommodation of all species over the layer. As result, it yields a well-packed structure and, hence, increases the signal obtained in XRD, although commonly originating particles with lower surface areas.43

  Table 1 shows Mg2+ to Al3+ molar ratio for LDH particles that were attached to the membrane (BC-LDH series) and after thermal treatment and reconstruction in carbonate solution (RBC-LDH series). Samples aged for short periods tend to stabilize the LDH phase closer to the expected ratio (3:1). Late calcination and reconstruction of inorganic particles presents no significant changes on divalent to trivalent molar ratio of cations at low aging times. However, after six days of aging, both presence of polymer and thermal-reconstruction treatment influence the ratio of cations on the final LDH. In the case of BC-LDH series, a decrease in MII/MIII ratio is possibly caused by changes in the pH of the medium due to the changes in degree of polymerization and structural organization,44 causing a partial release of Mg2+ from the layers and stabilizing an inorganic phase with lesser content of MII. Also, the Ostwald ripening, a phenomenon where the equilibrium between dissolution of previously formed crystallites and incorporation of aqueous ions onto the same partially dissolved particle or a different one45 can be responsible to alter the ratio between the metal cations in the layer. On the other hand, when the calcined BC-LDH 6 days is allowed to be reconstructed leaving it in contact with a sodium carbonate solution, the resulting RBC-LDH 6 days presents the MII/MIII ratio increased to values closer to 3, as found in nature for the mineral hydrotalcite.8
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  The SEM images of post-thermally treated and reconstructed LDHs are shown in Figure 7. Even after all previous treatment applied, RBC-LDH samples that were once attached to the membrane still holds a rounded shape aggregates, some of them found below submicrometric levels. Therefore, even after thermal treatment and reconstruction of LDH phase, samples still hold major morphology changes, indicating the deep influence of polymer during the assembly process of inorganic layers. Despite this particularly round-shaped aggregated formed, it can still be noticed that all RBC-LDH series also possess the same sand-rose35 features as shows the SEM images of the sample R-LDH 3 days. However, the sample RBC-LDH 3 days presents smaller particles sizes than sample R-LDH 3 days but also show thinner and twisted platelets, indicating a lesser tendency of a close-packed structure than conventionally synthesized LDH. Comparing the results obtained from the RBC-LDH series, one can conclude that not only the aging time influences the size of the particles but the presence of membrane during the synthesis also has a contributive effect.
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  Surface area data of RBC-LDH and R-LDH samples are shown in Figure 8. The data of RBC-LDH 1 day sample was not obtained due to the very low amount of material recovered from the thermal treatment process. For LDH prepared in the absence of membrane, the obtained values of surface area are 43 and 71 m2 g–1 for RLDH 3 and 6 days, respectively. Although these results are in agreement with the literature8,46 it was expected that the surface area of the less aged LDH should be higher than the most aged one. This was expected since when LDH are allowed to age, the dissolution and crystal growth of inorganic particles would help to form larger well-packed structures in comparison to less aged samples. Surface area of LDH particles is aging-dependant33,41 and also the contributive effect of the presence of the membrane in the reaction medium should be taken in consideration. RBC-LDH samples aged for 3 and 6 days present values of surface area equal to 149 and 80 m2 g–1, respectively, illustrating the aging influence in the surface area values, as mentioned before. RBC-LDH 3 days sample presents almost 3.5 times higher surface area values than R-LDH 3 days sample and over 2 times the surface of R-LDH 6 days sample, showing that the polymer play a key role to avoid a dense packing of the inorganic layers, increasing the free volume among tactoids, causing an increase in the surface area. Even though the polymer is able to modify the LDH particle packing, when the period of time applied during the synthesis is long, Ostwald ripening mechanism might change the initial packing of the crystallites induced by the presence of the polymer, yielding at the end of longer times particles that resemble the ones originated in the absence of polymer. Hence, samples RBC-LDH 6 days and RLDH 6 days present similar surface area values.
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  Conclusions

  Composite materials comprised of bacterial cellulose and layered double hydroxides containing Mg2+ and Al3+ intercalated with CO32– were successfully prepared using co-precipitation method. The strong interaction between both phases can be noticed through significant changes in XRD patterns, TGA profiles and SEM images obtained for composites in comparison to pristine BC and LDH.

  According to XRD data, the intensity of peaks associated to crystalline phases of BC are altered in the presence of LDH, indicating a level of interaction that surpass the surface of the fibrils and might occur in the sub-fibril depth. Once the membrane was removed and the LDH structure was restored, it was possible to see the peaks associated to the layered phase.

  SEM images also revealed that the presence of BC alters the shape when LDH particles were prepared. Instead of obtaining the regular micrometric layered aggregates, inorganic phase when prepared in presence of polymer was seen as submicrometric rounded aggregates adhered to the fibrils of BC. After the thermal removal of BC and reconstruction of LDH structure, particles still remained with original rounded shape, indicating that this polymer acted effectively as a structured directing agent.

  The surface area of the particles were also evaluated and noticed that both presence of BC and aging time affected extensively over the obtained values. For longer periods of aging, it was found that particles tend to originate well-packed structures, leading to overall particles with small surface area values. On the other hand, the presence of BC membrane tends to create small rounded aggregates which lead to poor packing in comparison to LDH formed in absence of polymer, increasing the exposed surface.
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    Um método simples, validado e econômico está descrito para a determinação de deltametrina e cipermetrina em leite bovino. Baseia-se na extração simultânea e clean up da matriz por dispersão em fase sólida (MSPD) com Celite® usando hexano/acetona (7:3 v/v), seguido de análise por cromatografia gasosa com detecção por captura de elétrons (GC-µECD). A análise de confirmação foi feita por GC-espectrometria de massas (MS). O processo simultâneo mostrou-se eficiente para amostras de leite. As recuperações médias em amostras de leite bovino fortificadas ficaram na faixa de 60 a 81%, com um desvio-padrão relativo (RSD) de 9 a 18%. O método apresentou limites de quantificação (LOQ) de 0,010 µg g-1 para ambos os piretróides e os limites de detecção (LOD) foram 0,007 e 0,002 µg g-1 para cipermetrina e deltametrina, respectivamente. A principal vantagem do método proposto é o número reduzido de etapas envolvidas, além de ser simples, rápido e barato. O método foi aplicado em amostras de leite integral coletadas em propriedades leiteiras do município de Chapada dos Guimarães, MT, Brasil. Deltametrina não foi detectada nas vinte amostras analisadas e cipermetrina foi detectado em quatro amostras (20%) em quantidades inferiores ao limite de quantificação.

  

   

  
    A simple, validated and economic method is described for the determination of deltamethrin and cypermethrin in bovine milk. It is based on simultaneous extraction and clean up on matrix solid-phase dispersion (MSPD) with Celite® using hexane/acetone (7:3 v/v), followed by gas chromatography with electron capture detector (GC-µECD) analysis. Confirmatory analysis was carried out by GC-mass spectrometry (MS). The simultaneous process showed to be efficient for milk samples. Average recoveries from fortified bovine milk samples were in the range of 60 to 81%, with relative standard deviation (RSD) from 9 to 18%. Method limits of quantification (LOQ) were 0.010 µg g-1 for both pyrethroids and limits of detection (LOD) were 0.007 and 0.002 µg g-1 for cypermethrin and deltamethrin, respectively. The main advantage of the proposed method is the reduced number of steps involved, besides being simple, rapid and inexpensive. The method was applied to whole milk samples collected at dairy farms in the municipality of Chapada dos Guimarães, MT, Brazil. Deltamethrin was not detected in the twenty analyzed samples, and cypermethrin was detected in four samples (20%) at trace levels (< LOQ).

    Keywords: pyrethroids, cow milk, GC-µECD, matrix solid-phase dispersion

  

   

   

  Introduction

  Pyrethroids are a major class of insecticides, derived from natural pyrethrin, introduced in the 1970s.1 These substances are chemical ingredients of many commercial products used for controlling insects in agriculture, ectoparasites in rural animals, such as Boophilus microplus and Haematobia irritans and domestic insects, as well as vector control in public health.2-6

  Insect infestation in cows reduces milk production since the animals become agitated with difficulty to feed.7,8 Pyrethroid insecticides have been extensively used in Brazil for cow ectoparasite control.2 Brazil is the second bovine producer in the world with a dairy herd of 23,227,221 animals and a production of 5,686 billions of liters in the first trimester of 2013.9 Chemical products applied to animals may cross the skin barrier, enter the blood stream and can be excreted in milk.10,11 Residues of pyrethroids applied to cows were found in milk 28 days after animal exposure (absorbed mainly through the skin). These observed levels were several times higher than the Codex Alimentarius accepted thresholds.12

  Pyrethroids act in vitro on a variety of recognized biochemical and physiological target sites. Voltage-sensitive sodium channels, the sites of insecticidal action, are important target sites in mammals.13 However, mammals are three orders of magnitude less sensitive to pyrethroids than are insects and these characteristics has led to pyrethroids becoming the major pesticide class for agricultural and public health applications. The widespread use of pyrethroids and the corresponding increase in human exposure have led to sustained toxicological interest and a number of recent publications have suggested that there may be significant aspects that were not considered in the original evaluations of pyrethroid toxicity, such as the possibilities that pyrethroids may directly produce neuronal death in adults and developmental neurotoxicity in neonates or that their mammalian toxicity may be mediated by active metabolites in addition to the parent molecules.14

  Moreover, some pyrethroids have endocrine disruptor effect: tetramethrin - estrogen-antagonistic effects in females only; sumithrin - increase of estrogen-sensitive cell proliferation, antagonist of the progesterone action; resmethrin - binding to sex hormone; permethrin - inhibition of estrogen-sensitive cell proliferation; deltamethrin - weak estrogenic activity; and cypermethrin - estrogenic effect.15 The concern regarding these potential effects indicates the need to analyze pyrethroids used in cattle breeding in milk samples to guarantee consumer safety.

  Older analytical methods described in the literature for determination of pyrethroid residues in milk involve laborious processes of extraction using large volumes of solvents, clean up steps and quantification by liquid or gas chromatography.12,16-19 New methodological concepts have been proposed in methods20,21 with extraction and clean up processes integrated in a single step, improving economy, sustainability and efficiency, with good recovery and limits of quantification, objectives that were aimed in the present study.

  Thus, this study aimed to develop a rapid and simple method for the determination of deltamethrin and cypermethrin residues in bovine milk. The proposed method involves simultaneous extraction and clean up steps by liquid-solid dispersion procedure followed by quantification by gas chromatography with electron capture detector (GC-µECD).

  Although Brazil has a considerable dairy herd, exports milk to Latin American countries and pyrethroids are largely used to control ectoparasites, few studies have analyzed these substances in milk20-22 and the present study is the first one carried out in the Central Western region of the country.

   

  Experimental

  Reagents

  Deltamethrin 99% and cypermethrin 99% primary analytical standards were purchased from Sigma Aldrich Brazil Ltda. Individual stock solutions of the analytes were prepared by diluting ca. 1.0 mg of the standard in 10.0 mL of toluene to obtain a concentration of 100 µg mL-1. The working standard solutions were prepared by diluting the stock solutions as required with toluene while for sample fortification the stock solution was diluted with acetone. Solvents (toluene, hexane and acetone) for organic trace analysis were purchased from Tedia Brazil. Celite® 545 Merck (0.02-0.1 mm) was obtained from Hexis Cientifica.

  Apparatus

  Analyses were performed using an HP 6890 gas chromatograph with split/splitless injector, and µECD detection system. A DB-5 MS (5% phenyldimethylsiloxane) fused-silica capillary column 30 m, 320 µm i.d. , 0.25 µm of film thickness (J & W Scientific, Folsom, CA, USA) was used, with nitrogen (purity 99.999%) as carrier and make up gas at flow-rates of 1.2 and 6 mL min-1, respectively. Injector temperature was set at 250 ºC and detector temperature was 300 ºC. The oven temperature was programmed as follows: 92 ºC for 2 min, increased to 280 ºC at 20 ºC min-1 and hold at 280º C for 14 min. Data were acquired and processed by HP Chemstation software. An aliquot (1 µL) of the milk extracts, standards and blanks was injected in splitless mode into the GC-µECD system. For confirmatory analysis an HP 6890 gas chromatograph with split/splitless injector and mass spectrometry (MS) detection system was employed, using helium (purity 99.9999%) as carrier gas, with a similar capillary column (with 250 µm i.d. and carrier gas at flow-rate of 1.0 mL min-1) and the same oven temperature programming as described for the GC-µECD system. The analysis was performed in selected ion monitoring (SIM) mode and the following ions were monitored: m/[image: Caracter 1] 163, 165 and 181 for cypermethrin, and m/[image: Caracter 2] 181, 250 and 253 for deltamethrin. The use of GC-MS in SIM mode was chosen since its limit of detection (LOD) is lower than in scan mode. The selection of three monitored ions for each analyte allowed confirmation of identification by comparison of the relative ratio of qualifiers and target ion abundance in samples with those in standard solutions. Differences of up to 20% in the ratios were accepted.

  Extraction procedure

  Sample extraction was performed by matrix solid-phase dispersion (MSPD) using Teflon® centrifuge tubes (50 mL) and Celite®, which was pre-treated at 150 ºC for 8 hours. Five grams of the milk sample and 5 mL of acetone were added to the centrifuge tubes, which were shaken for 5 minutes in a mechanical horizontal agitator. In sequence, 10 mL of extraction solution (n-hexane:acetone, 7:3 v/v) were added to 2 g of Celite® and poured into the milk sample. The sample was extracted four times with 10 mL extraction solution by horizontal shaking during 15 min at 90 rpm. Phase separation occurred quickly after agitation without needing to centrifuge. The extracts were combined and concentrated under nitrogen stream until near dryness, and made up with toluene (1 mL) for analysis by GC-µECD, and confirmation by GC-MS. For optimization of the extraction process, different adsorbent masses and combinations of extracting solvents were evaluated.

  Recovery studies

  Recovery studies were carried out with whole  milk (3% fat content)  samples free of residual pesticides, which were obtained from an organic farm, located in Santo Antonio city, state of Mato Grosso, Brazil. Samples were spiked with the appropriate amount of standard mixture in order to achieve concentration levels of 0.010, 0.02 and 0.100 µg g-1. The lowest concentration level was chosen considering that it should be higher than the equipment limit of detection (0.005 µg g-1 corresponding to 0.025 µg mL-1 in the extract - concentration factor equal to 5 - determined by visual evaluation of signal/noise ratio) and lower than the limits established by the Codex Alimentarius (0.02 and 0.05 µg g–1 for cypermethrin and deltamethrin, respectively). This limit was considered since there is no legislation in Brazil concerning the presence of pyrethroid residues in bovine milk used for human consumption.

  At each fortification level, six replicates were analyzed. Quantification was performed by internal calibration using certified standards (aldrin was used as internal standard). The extraction procedure described above was followed. The method limit of detection was calculated as three times the standard deviation of the determined concentrations at the lowest fortification level divided by the angular coefficient of the analytical curve (y = 0.9839x + 0.016 and R2 = 0.9942 for deltamethrin and y = 1.3335x – 0.0331 and R2 = 0.9934 for cypermethrin). The limit of quantification (LOQ) was considered as the lowest fortification level that gave good recovery and precision.

  The method was applied to twenty milk samples collected in small dairy farms in the Municipality of Chapada dos Guimarães, Mato Grosso, Brazil, in August and September 2004. These samples correspond to 50% of the 40 dairy farms that existed in the studied region.

   

  Results and Discussion

  GC-µECD conditions

  In a first approach, the GC-µECD and GC-MS conditions were optimized to separate the insecticides studied. For that, different temperature programs were tested in order to resolve the pesticides in the standard mixture. Extracts of blank samples were injected and no interfering peaks were present. The representative chromatogram of the standard mixture and blank sample is shown in Figure 1.

  
    

    [image: Figure 1. (a) Chromatogram of a 0.100 μg g-1 standard mixture]

  

  Figure 1 shows that the validated method presents good selectivity at the concentration range studied. In these conditions, retention times for each insecticide analyzed were reproducible with a relative standard deviation never exceeding 0.22% for cypermethrin and 0.28% for deltamethrin and with both high selectivity and resolution.

  Good linear chromatographic responses were achieved in the working interval (0.010 to 5.000 µg mL-1) with correlation coefficients higher than 0.991, indicating that the conditions established performed well for quantification of these compounds. This is in agreement with the recommendation of the Brazilian National Agency for Sanitary Vigilance23 that establishes that the correlation coefficient should be at least 0.990.

  Optimization of extraction

  The proposed method was based on a previous procedure developed for the determination of organochlorine residues in solid waste compost,24 which used solid-phase matrix dispersion with Celite®. This method combines the extraction and clean up in a single step by using liquid-solid dispersion with Celite® for removal of interfering substances and to promote the elution of cypermethrin and deltamethrin from the dispersion. Celite® was chosen as adsorbent considering its capacity to retain fat.

  Different conditions related to the extraction process were evaluated: Celite® mass, extraction solvents or mixture of solvents, pH change and agitation methods (sonication and mechanical). To promote the extraction, different solvents and mixtures of solvents, such as hexane/acetone, hexane/dichloromethane and hexane/acetone/acetonitrile were tested. The experiments were carried out in sequence until good recovery and precision was obtained. Among these, only the hexane/acetone (7:3 v/v) mixture provided satisfactory recovery results and appropriate extract purification. Methods G and E (see Table 1) differ only in the mass of Celite® used. The lower recovery of method E may be due to the fact that the sample interferents (mostly fatty acids) occupy the active sites of adsorbent leaving the pesticides in solution. A higher mass of Celite®, with a consequently higher number of active sites, could lead to irreversible adsorption of the pesticides. Table 1 shows the experiments carried out for the optimization of the extract procedure in order to improve recovery. Different agitation methods were equally efficient (data not shown).
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  The main difficulty in pesticide residue analysis in complex matrices, such as fatty samples, as is the case of milk, is the interference of co-extracted substances in chromatographic response. To overcome this problem, most published methods use several clean up steps, which involve liquid-liquid and/or solid phase extraction, among others. However, excessive sample manipulation may also introduce errors affecting method accuracy in addition to being longer and using higher amounts of solvents, with consequently higher costs. Thus, the proposed method presents advantages when compared to other published methods for being simpler, as can be seen in Table 2.
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  In another study involving fatty matrix the authors also used matrix solid phase-dispersion (MSPD), but only after a liquid-liquid extraction step.27

  Recovery and precision

  Method G (Table 1), which consisted of addition of 2 g of Celite® and extraction using n-hexane:acetone (7:3 v/v) was validated using recovery experiments. Satisfactory results were found with recoveries between 60 and 81% considering that the Association of Official Analytical Chemists accepts recoveries ranging from 60 to 115% for analyte concentration in the order of 10-6% (corresponding to 0.010 µg g-1).28

  The method precision was determined by repeatability studies, expressed by the relative standard deviation. Average recoveries and relative standard deviation are summarized in Table 3. The proposed method gave better precision (RSD < 18%) than other methods presented for milk samples as for example the one reported by Bordet et al.  with standard deviations from 33 to 50% for pyrethroid analysis in milk in the concentration range of 26 to 45 ng g-1.25
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  Method limits of detection (LOD) and quantification (LOQ)

  The method LOD were 0.007 µg g-1 for cypermethrin and 0.002 µg g-1 for deltamethrin. LOQ values were 0.010 µg g-1 for both pyrethroids. The limits of detection obtained were in good agreement with those previously published by other authors (Table 2), and were sufficiently low to allow comparison to the proposed Codex limits for these substances.

  Method application

  Among the twenty analyzed milk samples, deltamethrin was not detected (below LOD) while cypermethrin was detected in four samples (20%) at trace levels (below LOQ). These values are lower than the limits established by the Codex Alimentarius (0.02 and 0.05 µg g-1 for cypermethrin and deltamethrin, respectively) indicating no immediate risk to consumers.

   

  Conclusions

  A rapid and simple method for determining pyrethroid residues in milk by GC-µECD was described. The method was developed and validated aiming milk monitoring in a region with intense pyrethroid use on livestock activities. The simplicity and applicability of the proposed method allow its use for routine analysis of cypermethrin and deltamethrin in milk matrices, with enough sensitivity to determine concentrations below the limits established by the Codex Alimentarius. It offers the advantages of being simple, rapid and inexpensive, with reduced solvent consumption and demanding shorter time of analysis. Despite being present in low concentrations in the analyzed samples, the occurrence of cypermethrin indicates the need to monitor pesticide residues in milk in order to guarantee its quality. In addition, the producers should be oriented to use good agricultural practices, to prevent contamination.
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    Este trabalho teve por objetivo desenvolver um método analítico direto e rápido para a determinação de ácido oleico em óleo de soja por eletroforese capilar com detecção condutométrica sem contato. O eletrólito de corrida empregado foi uma mistura metanol/1-propanol (1:6 v/v) contendo 4 × 10-2 mol L-1 de KOH e 10% (v/v) em etileno glicol. As amostras foram preparadas pela solubilização de 50 g L-1 de óleo de soja e 1,33 × 10-3 de ácido salicílico (padrão interno) no eletrólito de corrida. Os ensaios quantitativos foram realizados adicionando ácido oleico puro às amostras, na faixa entre 0,53 e 2,13 × 10-3 mol L-1. Sob polaridade negativa, os solutos aniônicos deslocaram-se mais rapidamente do que o fluxo eletro-osmótico e o ácido oleico foi detectado em 16 minutos. Os limites de detecção e de quantificação foram, respectivamente, de 24 e 81 µmol L-1. Tais resultados demonstram que baixos teores deste ácido graxo podem ser quantitativamente determinados no óleo de soja sem a necessidade de extração prévia, como requerem outros métodos.

  

   

  
    The aim of this work was to develop a quick direct analytical technique for the determination of oleic acid content in soybean oil by non-aqueous capillary electrophoresis with capacitively coupled contactless conductivity detection. The oil-miscible background electrolyte was a mixture of methanol/1-propanol (1:6 v/v) containing 4 × 10-2 mol L-1 KOH and 10% (v/v) ethylene glycol. Samples of 50 g L-1 soybean oil were prepared directly in the background electrolyte added with 1.33 × 10-3 g L-1 of salicylic acid as internal standard. Quantitative tests were performed by adding to the samples pure oleic acid in the range from 0.53 to 2.13 × 10-3 mol L-1. Under negative polarity anionic solutes moved faster than the electro-osmotic flow so that oleic acid was detected in 16 minutes. The limits of detection and quantification were, respectively, 24 and 81 µmol L-1. Such results demonstrate that, unlike required by other methods, low levels of oleic acid can be quantitatively determined in soybean oil without prior extraction.

    Keywords: oleic acid, non-aqueous capillary electrophoresis (NACE), contactless capacitively coupled contactless conductivity detection (C4D), soybean oil

  

   

   

  Introduction

  It is well known that fats and oils decompose slowly during storage releasing their fatty acid (FA) constituents. Therefore, a quality and freshness assessment of fats and oils can be made based on the fatty acid content.

  Currently, important interests in oleic acid determination are, among others, medical research, biotechnology and evaluation of the lipid distribution in foods.1-4 In Brazil, since synthesis of biodiesel is heavily dependent on the production of soybean oil, quality control parameters, such as free fatty acid content in the feedstock, is imperative. Therefore, development of fast, reproducible and low cost methods for the determination of fatty acids is a target of great interest.

  The analysis of vegetable oils is generally preceded by extraction of an analyte using a suitable organic solvent.

  The most commonly used method for analyzing fatty acids (FAs) involves the determination of their corresponding methyl esters using gas chromatography (GC). The lower temperatures required during the analysis to reduce the risk of isomerization of double bonds and the easy modification of retention characteristics by varying the mobile phase composition has increased the interest in using high-performance liquid chromatography (HPLC) as compared to GC, for which a derivatization procedure is mandatory to increase volatility and overcome adsorption of polar functional groups on the GC column.5 However, since FAs are neither UV nor fluorescence-active, derivatization is usually performed to render them detectable through HPLC with UV-Vis detection. Nevertheless, problems in derivatization include longer analysis time and unselective labeling, leading to interfering by-products and unstable nature of some derivatization reagents. Thus, there has been a strong emphasis lately on developing alternative methods to traditional HPLC for the determination of underivatized FAs involving several detectors, including HPLC with evaporative light-scattering detection and capillary electrophoresis with capacitively coupled contactless conductivity detectors (C4D).6

  Capillary electrophoresis with C4D is an alternative to conventional conductivity detection. The highest frequency of operation employed enables positioning the electrodes on the outside of the capillary, an arrangement that avoids contamination of the electrodes in addition to providing an uncoupling between the detection circuit and the high potential used in the separation.7

  Sequential injection analysis (SIA) and flow injection analysis (FIA) methods have been developed for the determination of acidity in vegetable oils aiming to automate the analyses, thus enhancing laboratory productivity. Makahleh and Saad  reported a FIA method for the rapid determination of free fatty acids (FFA) using C4D.8 However, a suspected excessive dispersion of the FA by the carrier stream led to the incorporation of a preconcentrator column between the injector and the detector.

  Separation of linear chain fatty acids containing 8 to 20 carbon atoms by capillary electrophoresis with C4D was first described in 2003. The method was successfully applied in the analysis of babassu coconut oil which was saponified prior to analysis.9

  Recently, a capillary electrophoresis method with C4D has been proposed for the analytical separation and simultaneous determination of eleven FAs, from C12:0 to C20:0. However, the proposed methodology requires a transesterification step of FA standards.10

  In our previous non-aqueous capillary electrophoresis (NACE) study with UV detection, an oil-miscible KOH/1-propanol/methanol medium was employed to detect carboxylic acids and phenols.11 The alkanol medium reverses the electro osmotic flow under negative polarity (anode at the injection end of the capillary) while the presence of KOH increases conductivity of 
    the medium.

  The present study aims to evidence the advantages of associating NACE and capacitively coupled contactless conductivity detectors in the direct quantification of oleic acid, a monounsaturated fatty acid (C18H34O2), in soybean oil. The procedure renders any kind of pretreatment of the sample or of the standard fatty acid unnecessary, and uses small volumes of solvents.

   

  Experimental

  The following analytical grade solvents and reagents were used: methanol, ethanol, 1-propanol, NaOH and KOH (Synth, 97%), salicylic acid (Merck, PA), ethylene glycol (EG, 1,2-ethanediol) and oleic acid (Reagen, Brazil), distilled and deionized water. Refined and deodorized soybean oil stored in metallic containers was obtained from the local market.

  Fused-silica capillaries of 45 cm (35.5 cm effective length) × 50 µm internal diameter (i.d. ) and 150 µm outer diameter (o.d. ) were used. New capillaries were treated with 0.1 mol L-1 NaOH (5 min), distilled and deionized water (5 min) and background electrolyte (BGE, 5 min), in this sequence. The capillary was rinsed daily and between consecutive runs with a mixture of 10% water in ethanol, v/v, containing 4% KOH. These procedures were carried out under negative pressure (–450 mm Hg) applied at the capillary outlet. After each working session, it was flushed with water for 10 min.

  The background electrolyte was prepared with methanol/1-propanol 1:6, v/v, containing 4 × 10-2 mol L-1 KOH and 10% (v/v) ethylene glycol, the role of which was to extend the stability of the solution samples which, in its absence, showed a slight turbidity after 3 hours.

  The separations were performed under –25 kV, using a home-made equipment provided with a capacitively coupled contactless conductivity detection with 0.5% variation in migration times.12 The frequency of the oscillator was adjusted at 550 kHz with 8 V amplitude. The signal from the receiver electrode was rectified and amplified by components of the electrophoresis equipment and acquired on A/D mode of a potentiostat Autolab from Eco Chemie B.V. through programs for acquisition and processing of data 4.8 General Purpose Electrochemical System (GPES) from Eco Chemie B.V. and Microcal® Origin 8.0 from Microcal Software.

  Quantitative studies were carried out in triplicate, using salicylic acid as internal standard and the separations were performed at 25 ºC. Before hydrodynamic injection (10 cm × 30 s) all solutions were filtered through 0.45 µm pore size polytetrafluoroethylene (PTFE, CHROMAFIL Xtra) membranes.

  Equal aliquots of the background electrolyte containing 50 g L-1 soybean oil and 1.33 × 10-3 mol L-1 salicylic acid were spiked with increasing volumes of 5.7 × 10-2 mol L-1 oleic acid in methanol so that their concentrations in the standard addition curve were 0.53; 1.07; 1.60 and 2.13 × 10-3 mol L-1.

   

  Results and Discussion

  Selection of the solvent mixture

  In a previous work11 it was observed that soybean oil is miscible with several polar solvents, at least in a 1:1 v/v ratio. In the context of NACE, 1-propanol (PrOH) presents an excellent balance of the required solvent characteristics (Table 1), e.g. , high boiling point, low viscosity, high relative permittivity, low electrical conductivity in the presence of moderately concentrated buffers, and large thermal conductivity. Moreover, the properties of PrOH can be further improved, by mixing with moderate amounts of MeOH (observed in preliminary tests), since the latter shows lower viscosity and higher electrical conductivity.

  
    

    [image: Table 1. Properties of MeOH, PrOH]

  

  Low viscosity and high relative permittivity solvents are essential to keep the ions separated. On the other hand, large thermal conductivity and low electrical conductivity are desirable in the presence of moderately concentrated buffers to avoid loss of efficiency due to the Joule effect.

  The solvent mixture became both conductive and strongly alkaline by adding KOH.11 Due to the acid character of all primary alcohols very high pH* values (pH* = pH in non aqueous medium) were expected to be necessary to ionize oleic acid in MeOH/PrOH mixtures. On the other hand, besides stabilizing samples for longer time, the presence of EG increases thermal conductivity without compromising the conductivity of the solvent mixture as required for electrophoretic separations.

  Separation of oleic acid

  Increasing oleic acid concentration in spiked samples changes the medium physical chemical parameters, such as viscosity, conductivity and permissivity so that a non-linear detector response behavior in relation to the variation in oleic acid content is to be expected. To surmount this limitation, an internal standard was employed.

  Moreover, internal standard substances allow correcting variations of injected volume for both chromatographic and electrophoretic methods. They should, ideally, be chemically similar to and non-reactive with the substance to be measured or with other matrix components and present distinct retention times, distant from all other substances in the sample, yet close to that of the analyte.17,18 Preliminary experiments showed that salicylic acid fitted these requirements.

  The separation between salicylic and oleic acid peaks is evidenced in the electropherogram shown in Figure 1, with migration times of 13 and 16 minutes, respectively. Being the smaller monovalent anion in the sample plug salicylate migrates first, 3 minutes before the bigger one, oleate. The presence of other species in the same migration times was discarded by injecting a non spiked sample. The high intensity large peak at 19 minutes corresponds to non-resolved components in the vegetable oil sample plug.
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  Possibility of formation of fatty acid alkaline salts by action of KOH on triacylglycerols was investigated starting from saponification tests. Measurements were performed in three steps, immediately after BGE preparation and after 3 and 6 h. The observed saponification index increase with time was small (4.3 to 11 mg KOH g-1) as compared to that expected for soybean oil (189-195 mg KOH g-1)19 suggesting that the peak at 19 min corresponds mostly to triacylglycerols.

  Standard addition curve

  Similar detector response behavior was obtained for oleic acid and salicylic acid peaks in the BGE containing 50 g L-1 of soybean oil sample and 1.33 × 10-3 mol L-1 of internal standard. Figure 2 shows salicylic (SI) and oleic (SO) acids mean peak areas from triplicate results for the blank sample and for those spiked with 5.3, 10.7, 16.0 and 21.3 × 10-4 mol L-1 pure oleic acid, respectively.
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  The variation of the detector response for salicylic acid is a result of increasing concentrations of oleic acid in the solution, which decreases the medium conductivity and increases its electrical resistance. However, despite the significant dispersion in the detector response observed for the higher concentrations, a linear relationship was obtained in the concentration range between 10-4 and 10-3 mol L-1 of p.a. oleic acid added to the soybean oil sample by dividing the signal area values generated for both salicylic (SI) and oleic (So ) acids, the correlation coefficient being r = 0.999 (see Figure 3).

  
    

    [image: Figure 3. Standard addition curve]

  

  The amount of oleic acid found in 100 g of sample was 0.4 ± 0.1 g, which is around 25% above data reported in the literature19 for free oleic acid concentration in soybean oil and 33% above the Brazilian National Agency for Sanitary Surveillance (ANVISA)20 specification, which is 0.3 g oleic acid per 100 g of oil. The calculated limits of detection and quantification were, respectively 24 × 10-6 and 81 × 10-6 mol L-1, as shown in Table 2.

  
    

    [image: Table 2. Figures of merit]

  

  A sensitivity of 1055 mol-1 L calculated from the standard addition curve evidences that a low content of this fatty acid can be quantitatively determined in soybean oil, without previous extraction, through capillary electrophoresis employing C4D.

   

  Conclusions

  Associating NACE and C4D allowed quantification of oleic acid without any sample pretreatment using the standard addition method. A direct injection procedure resulted in a reproducible, low volume of solvent consumption, low migration time oleic acid determination in soybean oil sample with high sensitivity. By using salicylic acid as internal standard, the proposed technique allows quantifying the analyte for characterization and/or fraud detection purposes. In comparison with direct injection in a miscible BGE, previous extraction has the advantage of preconcentrating the solutes but additional manipulation of the sample increases time of analysis and the risk of sample contamination as well as alteration on analyte concentration.
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    Recentemente demonstrou-se que marcadores químicos no ar inalado/exalado podem fornecer uma metodologia para a detecção de infecção de tuberculose. Esses marcadores consistem em metil fenilacetato, metil p-anisato, metil nicotinato e o-fenilanisol (2-metoxibifenil). As abordagens atuais usam cromatografia gasosa com detector de massas (GCMS) que são úteis para testes respiratórios centralizados. A Organização Mundial de Saúde (WHO) exige uma ferramenta de diagnóstico que seja portátil e não invasiva para analisar tuberculose. Para cumprir com essa exigência, demostra-se uma etapa no desenvolvimento na identificação analítica de marcadores químicos em soluções aquosas usando tecnologia baseada em eletroquímica. Demonstra-se que sensores eletroquímicos screen-printed podem ser usados como base da ferramenta de diagnóstico para a caracterização eletroquímica respiratória dos marcadores químicos (metil nicotinato e 2-metoxibifenil) úteis na detecção de tuberculose. Espera-se que um desenvolvimento futuro facilite a construção de uma ferramenta de diagnóstico respiratório que seja portátil e não invasivo.

  

   

  
    Recently it has been shown that chemical markers in exhaled air/breath can provide a methodology for the detection of tuberculosis infection. These markers consist of methyl phenylacetate, methyl p-anisate, methyl nicotinate and o-phenylanisole (2-methoxybiphenyl). Current approaches utilise gas chromatography-mass spectrometry (GCMS) which are useful for centralised testing of breath samples. The World Health Organization (WHO) require a portable, non-invasive diagnostic tool for the screening of tuberculosis infection. In order to meet this, we demonstrate proof-of-concept for the analytical sensing of the identified chemical markers in aqueous solutions using electrochemical based technology. We demonstrate that screen-printed electrochemical sensors can be used as the basis of a diagnostic tool for the electrochemical breathprinting of chemical markers (methyl nicotinate and 2-methoxybiphenyl) useful for the screening of tuberculosis infection. It is hoped that further development will facilitate the potential for a portable, hand-held, non-invasive breath diagnostic tool to be realised.

    Keywords: screen-printed electrodes, electrochemistry, mycobacterium tuberculosis, electrochemical breathprints

  

   

   

  Introduction

  Tuberculosis (TB) is familiar to most as a disease which has plagued global society for time in memoriam. Although generally regarded, by the western world at least, as less of a threat than it once was, this is a misconception as global incidence rates still run into the millions of cases per annum. For instance, the global recorded incidence rate in 2008 was 9.3 million, roughly equivalent to the total population of Sweden; with the highest incidence of TB being in South-east Asia and Africa.1

  Tuberculosis is a disease generally caused by the bacteria Mycobacterium tuberculosis (MTB). The disease has the ability to manifest in any part of the body, however, the lungs are the most common reservoir for the bacteria.2,3 MTB is an airborne bacteria, and hence spreads rapidly from one person to another through coughing, sneezing and even simply talking. More specifically, transfer occurs through the inhalation of bacterium containing droplets in the air. A single cough generates around 3000 droplet nuclei, each containing around three bacilli, with droplets generated through sneezing being able to spread a distance of 10 feet. As the disease is airborne, contamination is generally via inhalation and the disease typically manifests upon droplet nuclei reaching the alveoli.2,3

  Tuberculosis is notorious for progressing very slowly, and exhibiting only the vaguest of symptoms. It is often missed or misdiagnosed for a long period of time. One explanation for the regular delay in diagnosis is the extended period of time required for confirmatory tests of disease infection to be completed. Some test methods require a period of some of up to eight weeks to confirm diagnosis.1 However, in view of the serious nature of this disease, it is imperative for diagnosis and treatment to be carried out as soon as practicable, with the aim of not only reducing mortality rates for those infected, but also to reduce contamination within the populous in general.

  Many hours have been spent in the search for improved methods for the treatment and prevention of tuberculosis related infection and consequential disease, although despite this research a rapid, accurate method of tuberculosis detection has not been found. None of the available methods of tuberculosis detection are quick and easy to use. As noted above, rapid diagnosis of infection is key to successful treatment and the ultimate goal of survival. Rapid diagnosis also enables more efficient inhibition of the spread of infection within a given population, enabling those determined to have been infected to be isolated. Sadly, the majority of infections occur in countries with very low per capita income and a deficient health care. Given such circumstances, it is vital to develop a test, which is accurate, fast and inexpensive. In this way, it would be possible to medicate the patients in an early state of the infection and prevent the further spreading of the disease.4,5

  When tuberculosis becomes active, 70-75% of cases manifest as pulmonary tuberculosis which infects the lungs and the symptoms are well known and documented. The other 25-30% of cases are termed extrapulmonary tuberculosis; these are cases where the bacteria infects other parts of the body. In the latter case, diagnosis of extrapulmonary tuberculosis can be performed by point-of-care based tests for measurement in blood or urine. However, such tests are only available for the roughly one quarter of cases which are extrapulmonary, and a point-of-care test is required for pulmonary tuberculosis.6,7

  In the case of pulmonary tuberculosis, diagnosis is currently often undertaken using a chest X-ray combined with the microscopic analysis of sputum samples.1 Given that the majority of incidence and mortality from tuberculosis is in Asia and Africa, often in remote locations where there is no access to equipment or appropriately trained personnel, this diagnostic approach is not favourable. In addition, X-ray methods have the distinct disadvantage, that areas which appear to be infected may appear cloudy or discoloured for other reasons. For instance, misdiagnosis could result as a result of pre-existing lung tissue scarring.1,6

  Other diagnostic methods include acid fast smearing, T-spot, culturing of samples and biopsy.8 However, each of these methods suffers from either the need for specialised personnel, a slow diagnosis time or a lack of precision in results.1,6 The application of light waves or molecular amplifications to samples has also been tested, providing unsatisfactory results. Whilst light based techniques are rapid, portability is a problem; with molecular amplifications, the primary disadvantage is one of cost, although the reliability of the technique has also been questioned.9 Evidently, methodologies for detection exist though in many cases, such as those involving the incorporation of nanoparticles combined with specific biomolecules and immunosensing10-13 in addition to other techniques disclosed earlier, suffer from critical drawbacks when considering the most affected demographics of society; those in areas of limited healthcare and funding. These drawbacks include, but are not limited to, excessive financial implications, the requirement for skilled workforce, excessive result time and invasive procedures. Evidently, there is a real necessity to devise a method which alleviates if not all, then the majority of these factors, for example, as has been demonstrated for the monitoring of glucose,14 the development of an electrochemical point-of-care device.

  Since pulmonary tuberculosis affects the lungs, research has been carried out looking for chemical markers in exhaled breath.3,15 In particular, volatile organic carbon compounds have been researched.3,15 However, it is practically impossible to distinguish the volatile organics which are indicative of the presence of tuberculosis, from those which occur naturally in healthy individuals.15 Chambers and his team have demonstrated that there are 4 chemical markers in breath that can act as useful indicators of tuberculosis (Mycobacteriumtuberculosis) infection.3 The chemical markers have been identified to be: methyl phenylacetate, methyl p-anisate, methyl nicotinate and o-phenylanisole (2-methoxybiphenyl).3 This pioneering work has been conducted using gas chromatography-mass spectroscopy (GCMS) and recently sample collection and preconcentration has been explored.16 Such an approach will allow the testing of breath at centralized points such as clinics and/or hospitals. In order to fight tuberculosis, the World Health Organisation (WHO) require a rapid, sensitive, inexpensive, portable and non-invasive diagnostic tool.3,9 One approach that is well proven to meet such requirements as those presented by a point-of-care clinical device is electrochemical sensing strategies based upon disposable, one-shot screen-printed sensors17-19 which are both effective and affordable. The ability to capitalise on such disposable devices helps to reduce the risk of infection presented by the utilisation of a single device for a large number of patients.

  In this paper we explore, for the first time, the potential electrochemical determination of the proposed markers (methyl phenyl acetate, methyl p-anisate, methyl nicotinate and 2-methoxybiphenyl) in aqueous solutions which are indicative of Mycobacterium tuberculosis infection in exhaled air/breath using electrochemical based sensing technology. Due to the use of unmodified screen-printed sensors, the opportunity exists to develop an elegantly simplistic, portable and non-invasive approach for electrochemical breathprinting.

   

  Experimental

  All chemicals were of the highest grade available and were used as received (without further purification) from Sigma Aldrich (UK). All solutions were prepared using deionised water of resistivity no less than 18.2 MΩ cm and were vigorously degassed prior to electrochemical measurements with high purity, oxygen free nitrogen. Voltammetric measurements were carried out using an µ-Autolab III (ECO-Chemie, The Netherlands) potentiostat. All measurements were conducted using screen-printed three electrode configurations (see below) with a geometric working electrode area of 3 mm diameter. All measurements of the highlighted markers were carried out in solution using liquid standards. For measurements involving carbon dioxide and oxygen the solution was saturated with the required gas via vigorously bubbling the solution for 20 min prior to electrochemical measurement.

  Screen-printed carbon-based electrodes (denoted as SPEs) were fabricated in-house with appropriate stencil designs using a microDEK 1760RS screen-printing machine (DEK, Weymouth, UK) as depicted in Figure 1. Note that this screen-printed electrode design has been previously reported20-24 "as is" without electrode pre-treatment or modification in various electroanalytical endeavours. For fabrication of the SPEs, first a carbon ink formulation (Product Code: C2000802P2; Gwent Electronic Materials Ltd, UK) utilised for the efficient connection of all three electrodes and the electrode material for both the working and counter electrodes was screen-printed onto a polyester (Autostat, 250 micron thickness) flexible film. The carbon ink layer was cured in a fan oven at 60 ºC for 30 min. Next, a silver/silver chloride reference electrode was included by screen-printing Ag/AgCl paste (Product Code: C2040308P2; Gwent Electronic Materials Ltd, UK) onto the polyester substrates which was subsequently cured once more in a fan oven at 60 ºC for 30 min. Finally, a dielectric paste (Product Code: D2070423P5; Gwent Electronic Materials Ltd, UK) was then printed onto the polyester substrate to cover the connections and define the active electrode areas including that of the working electrode (3 mm diameter). After curing at 60 ºC for 30 min, the SPEs are ready to be used. These electrodes have been characterised electrochemically in a prior paper and have heterogeneous rate constants of 1.08 × 10-3 cm s-1.25

  
    

    [image: Figure 1. (a) Schematic diagram]

  

  The reproducibility of the fabricated batches of electrodes were explored through comparison of cyclic voltammetric responses using 1 mmol L-1 hexaammine-ruthenium (III) chloride/0.1 mol L-1 KCl. Analysis of the voltammetric data revealed the % relative standard deviation to correspond to no greater than 0.82 % (N = 20) for the fabricated SPEs highlighting the reproducibility of the fabricated electrodes and their use in electroanalysis.

   

  Results and Discussion

  First consideration was given to exploring the identified chemical markers3,15 indicative of TB infection, namely: methyl phenylacetate, methyl p-anisate, methyl nicotinate and 2-methoxybiphenyl. A blank solution of a pH 7 phosphate buffer solution (PBS) was used, each biomarker added and the cyclic voltammetric response determined through analysis using cyclic voltammetry using screen-printed electrodes. It was apparent upon initial studies that of the four markers proposed (methyl phenylacetate, methyl p-anisate, methyl nicotinate and 2-methoxybiphenyl) only methyl nicotinate and 2-methoxybiphenyl were electrochemically active within the accessible voltammetric window. The observed voltammetric responses for both methyl nicotinate and 2-methoxybiphenyl are shown in Figures 2 and 3, respectively. For the case of methyl nicotinate (Figure 2) a single oxidative peak was noted at a potential of ca. -0.45 (vs.  Ag/AgCl) with a reduction peak evident in the blank. The electrochemical interrogation of 2-methoxybiphenyl (Figure 3) revealed the presence an oxidative peak at a potential of ca. +0.40 V (vs. Ag/AgCl) complimented with a reduction peak at a potential of ca. -0.40 V (vs. Ag/AgCl). Note for further electrochemical investigation the oxidation peak at a potential of ca. +0.45 V (vs. Ag/AgCl) was utilised for methyl nicotinate analysis while that at ca. +0.40 V (vs. Ag/AgCl) was monitored when studying 2-methoxybiphenyl.

  
    

    [image: Figure 2. Typical cyclic voltammograms recorded]

  

  
    

    [image: Figure 3. Typical cyclic voltammograms recorded]

  

  Calibration plots for each of the compounds were constructed in order to assess the feasibility and sensitivity of detection of methyl nicotinate and 2-methoxybiphenyl (Figures 2 and 3 inset, respectively) using the screen-printed electrochemical sensors. Using cyclic voltammetry the detection of methyl nicotinate and 2-methoxybiphenyl in pH 7 PBS was found to be possible at concentrations ranging from 1 to 40 mmol L-1. Analysis of the voltammetric peak height (Ip) as a function of concentration revealed a linear range over the entire concentration range explored for methyl nicotinate (IP/A = 3.24 × 10–7 A / mmol L–1 + 1.46 × 10–6 A; R2 = 0.98; N = 15), while 2-methoxybiphenyl was observed to exhibit linearity up to a concentration of 25 mmol L-1 (IP/A = 1.17 × 10–7 A / mmol L–1 + 2.33 × 10–7 A; R2 = 0.98; N = 14) beyond which the response begins to plateau; the exact origin of this is unknown but likely due to saturation of the electrode surface or phenomena of adsorption of the reaction product on the surface of the electrode also can be considered.

  The effect of pH upon the ability of the sensor to detect biomarkers was also studied. Detection of 2-methyoxybiphenyl at pH's of 2.5, 7.3, 12 was attempted. It was noted that successful determination of the analyte was possible over the entire pH range explored. Clearly such findings, across a wide range of pH values, indicate a good tolerance to sensor storage and pH change potentially caused by other components of the breath, for example carbon dioxide which is a major component of exhaled air/breath. The electrochemical reduction of CO2 is possible at carbon electrodes but usually employing an excessively high overpotential. Nevertheless, to ensure that the presence of CO2 within breath will not detrimental to the observations made above, analysis of a 40 mmol L-1 solution of 2-methoxybiphenyl in the presence of CO2 (not shown) was explored. The presence of CO2 was found to not affect the observed response for 2-methoxybiphenyl in anyway. Additionally, the electrochemical reduction of O2 is possible at carbon electrodes, occurring at potential of ca. +0.6 V and higher depending on the electrode surface. The effect of O2 was explored on the response (in the same manner as CO2) where it was again found that the presence of the gas had no effect upon the electrochemical system.

  Further challenges faced to make this into a truly point-of-care breath device include exploring (breath) sample collection and preconcentration systems to present the breath (gas) into a conducting solution for the electrochemistry to be conducted, or a similar approach, and also in order to align the concentrations observed aqueous solution with those reported in exhaled air/breath with the electroanalytical output observed here.

  Next we turn to monitoring the two markers simultaneously; a solution containing both methyl nicotinate and 2-methyloxybiphenyl was prepared with square-wave voltammetry (SWV) was utilised to attempt to improve the sensitivity of the protocol which applies a different waveform than that of cyclic voltammetry. The SWV response is depicted in Figure 4a and demonstrates the successful determination of the two markers simultaneously within a single solution at a single screen-printed electrode. After determining that the applied system had the ability to detect the two biomarkers additions (of the solution containing both biomarkers) were made to assess the effect of increasing biomarker concentration on the observed output. The results are provided in Figure 4b and c; a clear calibration is shown for both analytes, which each exhibiting two linear responses for the concentration ranges explored. In the case of methyl nicotinate (Figure 4b) one linear range was noted between the concentrations of 1 to 6 mmol L-1 (IP/A = 2.87 × 10–6 A / mmol L–1 + 2.91 × 10–6 A; R2 = 0.99; N = 6) and 7 to 10 mmol L-1 (IP/A = 5.13 × 10–6 A / mmol L–1 – 1.15 × 10–5 A; R2 = 0.99; N = 4). Similarly, when determining the two analytes simultaneously, 2-methyloxybiphenyl (Figure 4c) exhibited one linear range between the concentrations of 1 to 5 mmol L-1 (IP/A = 3.10 × 10–7 A / mmol L–1 – 7.00 × 10–8 A; R2 = 0.99; N = 5) and a further linear range between 6 to 10 mmol L-1 (IP/A = 2.30 × 10–7 A / mmol L–1 + 1.32 × 10–7 A; R2 = 0.98; N = 5). These findings indicate that the screen-printed sensor is tolerant to a change in marker concentration. Limits of detection (3σ) of 238 and 392 µmol L-1 were deduced using this protocol for the simultaneous determination of methyl nicotinate and 2-methoxybiphenyl respectively.

  
    

    [image: Figure 4. (a) A typical SWV recorded in a pH 7.4 phosphate]

  

  In summary, we have shown that of the four markers proposed, only two are electrochemically active (methyl nicotinate and 2-methoxybiphenyl). These two markers have been shown to be readily determined using cost-effective, disposable and single-shot screen-printed sensors; ideal for point-of-care and clinical devices. Furthermore, the determination of the markers has been expanded to include their monitoring simultaneously within the same solution which deduced that both can be monitored down to mid-level micromolar concentrations with relative ease.

   

  Conclusions

  We have shown proof-of-concept for the simultaneous electroanalytical detection of methyl nicotinate and 2-methoxybiphenyl using screen-printed electrochemical sensors which has the potential to allow for the development of a point-of-care non-invasive breath test for the screening of tuberculosis infection. Future work involves exploring whether only two markers out of the reported four3 are medically useful along with exploring breath sample collection and a pre-concentration system.
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    A crescente ocorrência de antibióticos e seus metabólitos estão cada vez maiores em águas superficiais e subterrâneas, causando impactos significativos no meio ambiente e necessitando de desenvolvimento de novos tratamentos para a remoção completa de tais contaminantes. Este trabalho apresenta o estudo da eletrogeração de peróxido de hidrogênio (H2O2) em meio ácido e a degradação do analgésico dipirona em um reator de fluxo eletroquímico usando um eletrodo de difusão gasosa (GDE) modificado com 5,0% ftalocianina de cobalto (II) (CoPc) e pressurizado com O2. A maior produção de H2O2 alcançada foi de 133 mg L-1 a um potencial aplicado de -2,1 V (vs. Pt//Ag/AgCl/KCls) e os melhores resultados para a degradação da dipirona foram obtidos sob condições eletro-Fenton, em que o carbono orgânico total (TOC) foi reduzido 62,8% após 90 min de reação e 49,1 kW h de energia foi consumida por kg de dipirona degradada.

  

   

  
    The increasing occurrence of antibiotics and their metabolites in surface and ground waters is causing a significant impact on the environment and needing of developing novel treatments for the complete removal of such contaminants. This paper presents the study of the electrogeneration of hydrogen peroxide (H2O2) in acidic medium and the degradation of the analgesic dipyrone in an electrochemical flow reactor using a gas diffusion electrode (GDE) modified with 5.0% cobalt (II) phthalocyanine (CoPc) and pressurized with O2. The highest yield of H2O2 (133 mg L-1) was achieved after 90 min of electrolysis at an applied potential of -2.1 V (vs. Pt//Ag/AgCl/KCls) and the best results for degradation of dipyrone were obtained under electro-Fenton conditions, where the total organic carbon (TOC) was reduced 62.8% after 90 min of reaction and 49.1 kW h of energy was consumed per kg of dipyrone degraded.

    Keywords: gas diffuson electrode, electrochemical reactor, dipyrone, Fenton process

  

   

   

  Introduction

  Drugs that have been administered to humans are excreted either unchanged or in the form of metabolites. Conventional treatments of sewage water are not able to remove these compounds completely,1,2 and contamination of surface and ground water by pharmaceutical products has been reported in a number of countries.3-8 Various classes of drugs have been implicated as sources of environmental pollution, but non-steroidal anti-inflammatory drugs (NSAIDs) such as acetylsalicylic acid, diclofenac and dipyrone (DP) are generally detected in the largest quantities mainly because of their high level of consumption.7,9 In this context, DP (also known as metamizole) is of particular interest since in some European, African and South American countries it is widely available as an over-the-counter analgesic and antipyretic, although in others its use is restricted or even banned because of its potential side effects and the possibility of environmental contamination.10-15

  Recent concerns about environmental pollution have engendered renewed interest in the development of techniques that would promote the complete removal of recalcitrant contaminants from sewage waters. In the case of DP, the kinetics of photodegradation of metabolites of the drug in aqueous systems have been established and toxicities of the products so-formed determined.16 Additionally, it has been shown that electrochemical degradation of DP using boron-doped diamond (BDD) electrodes under optimized conditions allows total removal of the drug within 20 min and 95.2% removal of total organic carbon (TOC) in 8 h.17

  An alternative type of effluent treatment that has received considerable attention over the last few years is based on advanced oxidation processes (AOPs) in which the hydroxyl radical (•OH) is produced from oxidizing agents such as hydrogen peroxide (H2O2).18 In this process, the •OH plays a key role since its high oxidation potential promotes attack on organic substances by extracting hydrogen atoms and adding to double bonds.19 The efficiency of production of •OH from H2O2 is enhanced by the presence of Fe2+, as in the Fenton reaction, where iron acts as a reducing agent to oxidize the H2O2 according to equation 1:19

  
    [image: Equation 1]

  

  A particular advantage of this type of process is that it does not require the presence of organic chlorine and, therefore, does not generate organochlorine compounds as undesirable by-products.20

  The direct production of H2O2 in the medium in which the AOP occurs represents a particularly attractive proposition since it removes the requirement of transport and storage of a reagent that is corrosive and inflammable.21,22 Efficient electrogeneration of H2O2 can be readily achieved using gas diffusion electrodes (GDEs) in which the oxygen reduction reaction (ORR) occurs at the triple interface between pressurized O2 gas, the electrolyte solution and the surface of the electrode.23,24 The ORR occurs via a complex mechanism, the steps of which are described in equations 2-6:24-27
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  The complete reduction of O2 to water occurs via a reaction involving four electrons (equation 2), while partial reduction to produce H2O2 involves a two electron transfer (equation 3). Electrogenerated H2O2 can be reduced to water via a two electron transfer (equation 4) or it can be oxidized to regenerate molecular O2 (equation 5). Since the electrogeneration of H2O2 takes place in acidic medium, the involvement of the hydrogen evolution reaction (HER), as shown in equation 6, is also likely.

  The aim of the present study was to investigate the electrogeneration of H2O2 in acidic medium in an electrochemical flow reactor using a GDE modified with cobalt (II) phthalocyanine (CoPc), and to explore the application of this system to the degradation of DP by means of the Fenton reaction.

   

  Experimental

  Electrogeneration of H2O2

  The production of H2O2 was carried out in an electrochemical flow reactor, the construction of which has been described previously, comprising two parallel polypropylene plates fitted with a dimensionally stable anode type Cl2 (DSA-Cl2®; geometric area 20 cm2) obtained from De Nora do Brasil (Sorocaba, SP, Brazil).17,21,22,24,28 The cathode was a GDE (geometric area 20 cm2) that had been prepared by the hot pressing procedure using Carbon Printex 6L conductive black graphite (Degussa Brasil, Jardim Paulista, SP, Brazil) with 5.0% (m/m) of CoPc and 20% (m/m) of polytetrafluoroethylene (PTFE; Dyneon TF 5035, 3M do Brazil, Sumaré, SP, Brazil).24,28-30 A pseudo-reference Pt//Ag/AgCl/KCls electrode was positioned on the face of the GDE as the reference electrode.31 The reactor was connected to a recirculation system (capacity 2 L) through which electrolyte could be supplied at a flow rate of 50 L h-1 (laminar flow; Reynolds number, Re = 290).

  Electrogeneration of H2O2 in the electrochemical reactor was investigated in two stages. In the first step, the working GDE cathode was pressurized with N2 for 20 min, after which linear voltammetry (LV) was carried out in the range -0.5 V < E < -2.8 V (vs. Pt//Ag/AgCl/KCls) at 20 mV s-1 with an electrolyte containing H2SO4 (0.1 mol L-1) and K2SO4 (0.1 mol L-1) supplied at a flow rate of 50 L h-1. Subsequently, the GDE was pressurized with O2 for 30 min and LV measurements were recorded under the conditions stated above. Electrochemical analyses were carried out using a Metrohm Autolab (Utrecht, The Netherlands) model PGSTAT-302 potentiostat with a model BSTRA10A current booster, and the cell potential was measured using a high impedance digital multimeter connected in parallel to the working and counter electrodes. In the second step, electrolysis was performed at a constant applied potential in the range -0.3 V < E < -2.4 V (vs. Pt//Ag/AgCl/KCls), and the amounts of H2O2 present in samples of electrolyte collected during a 90 min reaction period were quantified spectrophotometrically using a standard method.17

  Electrodegradation of DP

  For the electrodegradation of DP (50 mg L-1) was used the same electrochemical flow reactor used in the experiments of electrogeneration of H2O2. Aqueous electrolyte (1.5 L) containing H2SO4 (0.1 mol L-1) and K2SO4 (0.1 mol L-1) was employed in the electrodegradation of DP, while the electro-Fenton process was used the same electrolyte with 1.0 mmol L-1 of FeSO4.7H2O. Electrolyses were carried out at constant applied potential of -2.1 V (vs. Pt//Ag/AgCl/KCls) 
    for 90 min with the electrolyte thermostated at 20 ºC. The electrolyte was sampled at appropriate intervals throughout the experiment, and the ultraviolet-visible (UV-Vis; 200-800 nm) spectrum of each sample was measured using an Agilent (Santa Clara, CA, USA) Varian Cary 50 spectrometer. The removal of DP was monitored from the absorbance at 262 nm, which was determined to be the λmax of the analytical-standard grade drug.

  The amount of DP remaining in the electrolyte was determined by high performance liquid chromatography (HPLC) using a Shimadzu (Kyoto, Japan) model LC-20AT chromatograph equipped with a model SPD-20A UV detector and a Phenomenex (Torrance, CA, USA) Luna C18 column (250 × 4.6 mm i.d.; 5 µm). Elution was isocratic with a 30:70 (v/v) mixture of methanol and phosphate buffer (pH 7) at a flow rate of 1.0 mL min-1, and detection was at 262 nm. Quantitative estimation of DP was performed with the aid of a calibration curve constructed using analytical-standard grade drug. The variation in TOC in samples of electrolyte was measured using a Shimadzu TOC-VCPN analyzer.

   

  Results and Discussion

  Electrogeneration of H2O2

  Linear voltammograms (LVs) recorded in the electrochemical reactor after the GDE had been pressurized with N2 and, subsequently, with O2 are shown in Figure 1. The variation in current observed when the GDE was pressurized with N2 was likely associated with the reduction of H+ ions in the acidic electrolyte to form H2 (equation 6). On the other hand, the increased current observed when the GDE was pressurized with O2 may be associated with the reduction of H+ ions and O2 to form H2O2 (equation 3), although other reactions may occur in parallel under these conditions including the reduction of O2 to water via a 4-electron transfer.22,24,29 It appears that ORR is dependent on the applied potential, whereby potentials that are more negative tend to promote ORR via 4-electron transfer in parallel with the reduction of water.24 A plot of the difference between the LVs recorded under O2 and N2 pressurization (Figure 1B) revealed that, the ORR current increased with increasing applied potential and attained a value of -1.6 A at -2.8 V. These findings are very much in line with those established previously by our research group using the same modified GDE for the electrogeneration of H2O2.30

  
    

    [image: Figure 1. Linear voltammograms]

  

  As displayed in Figure 2, the concentration of H2O2 varied in a linear manner with respect to time of electrolysis under applied potentials within the range -0.3 V < E < -2.5 V (vs. Pt//Ag/AgCl/KCls). The amount of H2O2 formed during 90 min of electrolysis increased as the applied potential increased from -0.3 V (vs. Pt//Ag/AgCl/KCls), 
    and attained a maximum value of 133 mg L-1 at -2.1 V (vs. Pt//Ag/AgCl/KCls) (Figure 2B). This potential range is associated with an ORR involving 2-electron transfer and the consequent formation of H2O2. At potentials in the range -2.1 V < E < -2.5 V (vs. Pt//Ag/AgCl/KCls), the final H2O2 concentration gradually diminished, and a value of 100 mg L-1 was recorded at -2.5 V (vs. Pt//Ag/AgCl/KCls). These more negative potentials tend to promote ORR via 4-electron transfer with a corresponding reduction in the generation of H2O2.24

  
    

    [image: Figure 2. (A) Variation of H2O2 concentration vs. time of electrolysis]

  

  It is of interest to note that the potential range employed in the present investigation involving an electrochemical reactor (-0.3 V < E < -2.5 V (vs. Pt//Ag/AgCl/KCls)) was substantially greater than that reported in a previous study (-0.4 V < E < -1.4 V (vs. Ag/AgCl/KCls)) by our group concerning the electrogeneration of H2O2 in an electrochemical cell with a similar electrode and supporting electrolyte.30 The reason for the apparent discrepancy in potential range is associated with differences between the electrochemical cell and the electrochemical reactor regarding the type and area of the counter electrode (platinum screen in the cell, DSA electrode in the reactor), the distance between the working and counter electrodes (ca. 1.5 cm in the cell, 2 mm in the reactor), the hydrodynamics of the system (simple stirring in the cell, laminar regime in the reactor), and the reference system employed (Ag/AgCl/KCls in the cell, Pt//Ag/AgCl/KCls in the reactor).22

  The linear variation of H2O2 concentration with time of electrolysis signifies that the electrogeneration of the oxidant followed zero-order kinetics. However, the variation observed derives from the summation of a number of different reactions (equations 2 to 6) that occurred in parallel with the formation of H2O2 and, therefore, the kinetics of this reaction must be considered to be global pseudo zero-order. The apparent rate constant for the formation of H2O2 (kapp; mg L-1 min-1) was estimated from the slope of the plot of H2O2 concentration vs. time, considering the first 30 min of reaction. According to the kapp values shown in Figure 2B, the rate constant increased as the applied potential from -0.3 V (vs. Pt//Ag/AgCl/KCls), and attained a maximum value of 1.79 mg L-1 min-1 at -2.1 V (vs. Pt//Ag/AgCl/KCls). At more negative potentials, however, the rate constant showed a gradual reduction to 1.11 mg L-1 min-1 at -2.5 V. Overall, the values of the rate constants determined in the present study were lower than those reported previously because of the differences between the electrochemical cell and the corresponding reactor as outlined above.30

  The energy consumed (EC, in kWh kg-1) in the electrogeneration of 1 kg of H2O2 was calculated according to equation 7:

  
    [image: Equation 7]

  

  where i is the current (A), Ecell is the cell potential (V), t is the time (h) and m is the mass of H2O2 (kg) generated during that time. As verified in Table 1, electrogeneration of H2O2 at an applied potential of -2.1 V 
    (vs. Pt//Ag/AgCl/KCls) not only gave the highest yield of H2O2 during 90 min of reaction but also showed a very low EC value of 47.6 kWh kg-1. At more negative potentials, the EC increased quite sharply as energy was diverted away from H2O2 and towards parallel ORR involving 4-electron transfer. The EC values obtained in the present study with the electrochemical reactor are similar to those reported previously for the electrochemical cell in which a consumption of 30.8 kWh kg-1 was recorded under the experimental conditions that generated the highest yield of H2O2.30
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  Electrodegradation of DP

  The electrodegradation of DP was performed under three different reaction conditions. In the first experiment, the GDE was pressurized with N2 such that H2O2 was not generated at the cathode and the observed degradation of DP occurred via anodic oxidation at the DSA. In the second experiment, the GDE was pressurized with O2, leading to the formation of H2O2 and •OH, and the observed degradation of DP resulted from anodic oxidation and oxidation by •OH. The final degradation was performed under electro-Fenton conditions with the GDE pressurized with O2 and Fe2+ present in the electrolyte. In this case, the formation of •OH from H2O2 was catalyzed by Fe2+, and the observed degradation of DP resulted from anodic oxidation and oxidation by •OH. Since it had already been established that the best potential for the generation of H2O2 in the electrochemical reactor was -2.1 V (vs. Pt//Ag/AgCl/KCls), 
    the degradation experiments were performed at this applied potential.

  Figure 3 shows the reduction in absorbance at 262 nm recorded during the degradation of DP under the three different electrochemical conditions. After 90 min of electrolysis, the smallest decrease (18.5%) in absorbance occurred when the GDE was pressurized with N2. The reduction in absorbance was considerably greater (51.6%) when O2 was used to pressurize the GDE, while the presence of Fe2+ ions in the electrolyte under these conditions promoted a decrease in absorbance of 84.7% after 90 min.
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  In order to verify that the observed reduction in absorbance at 262 nm accurately reflected the removal of DP from the electrolyte, the variation in concentration of analyte during electrodegradation was monitored by HPLC. The results displayed in Figure 4 confirm that anodic oxidation accounted for a reduction in DP concentration of only 17.5% after 90 min. In contrast, when the GDE was pressurized with O2, around 92.5% of the initial DP was removed after 90 min of reaction in the absence or presence of Fe2+ ions. However, while 90% of analyte was removed within 40 min of reaction in the absence of Fe2+ ions, the same level of removal could be achieved in 20 min in the presence of these ions. The increased rate of degradation of DP was associated with the augmented rate of formation of •OH under Fenton reaction conditions.
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  In all experiments, the reduction in concentration of DP was most rapid during the first 40 min of electrolysis (Figure 4), during which period the reaction presented first-order kinetics.21,22,32 The rate constant for the degradation of DP was evaluated from the slope of the plot ln (DP concentration / mg L-1) vs. time (min) for each experiment, and the respective values of 3.8 × 10-3, 5.5 × 10-2 and 7.0 × 10-2 min-1 (Figure 4B) were obtained for anodic degradation, reaction by electrogenerated H2O2, and electrodegradation under electro-Fenton conditions, respectively. The difference these values is due (i) in the degradation process of direct anodic oxidation, that is, using higher oxides formed on the surface of the anode,32 occurs less yields in the percentage of degradation and (ii) in electro-Fenton process of degradation of DP occurs the high forming •OH radicals due to the rapid kinetics of the formation of these radicals, with a constant, as shown in equation 1.

  Although almost complete removal of absorbance at 262 nm of DP concentration was achieved in experiments involving the electrogeneration of H2O2, such results cannot be considered as indicative of mineralization of organic matter in the electrolyte. The levels of TOC present at the start and final of each degradation experiment were measured directly, and the results (Table 2) showed that mineralization by H2O2 electrogenerated was 4.4 times greater (5.3 mg L-1 TOC removed) and in the presence of ions Fe2+ was 13.3 times greater (15.9 mg L-1 TOC removed), both compared to anodic degradation with 1.2 mg L-1 TOC removal. Moreover, the EC value for the removal of 1 kg of TOC under electro-Fenton conditions was 2.9- and 12.9-fold lower than those relating, respectively, to anodic oxidation and electrogeneration of H2O2 alone.
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  Pressurization of the GDE with N2 promoted degradation of organic materials at the anode surface by processes associated with the anodic current density in the DSA. However, since the current density was low (130 mA cm-2), the anodic degradation of DP was compromised.32 When the GDE was pressurized with O2, H2O2 was generated in situ but, in the absence of Fe2+, the degradation process was effectuated by •OH and other oxidizing species, such as radical anions (O•2), hydroperoxyl radicals (HO•2), triplet oxygen (3O2) and organic peroxyl radicals (R-O-O•), with less potential than the •OH.33 Thus, although this experiment showed better results in comparison with anodic degradation, the process was less efficient than that involving generation of H2O2 in the presence of Fe2+, which presented higher formation of •OH greater removal of DP and TOC, and lower power consumption.16,19,34,35

  The results of TOC removal are in agreement with the literature, Giri et al. 36 reached 56% of TOC removal at 45 min, but the authors used a photo-assisted system with addition of H2O2 in the presence of Fe2+.36 Considering the in situ electrogeneration of H2O2 for the degradation of dipyrone, Assumpção et al. 37 reached 57% of TOC removal using electro-Fenton and 75% for the same system but photo-assisted.37 Using electrochemical reactor with parallel plate, Reis et al. 17 studied the anodic degradation using boron-doped diamond, reached 44% of TOC removal after 120 min at 50 L h-1 by 5.0 V (vs. Pt//Ag/AgCl/KCls). In comparison with the results presented in the literature, the use of electrochemical reactor for H2O2 generation for dipyrone degradation was efficient for this process, but with the advantage of generating a specific H2O2 amount depending the characteristics of wastewater to be treated.

   

  Conclusions

  Hydrogen peroxide could be generated efficiently in an electrochemical reactor comprising a GDE modified with 5.0% of CoPc and pressurized with O2. The highest yield of H2O2 (133 mg L-1) was achieved after 90 min of electrolysis at an applied potential of -2.1 V (vs. Pt//Ag/AgCl/KCls), 
    under which conditions the reaction rate was 1.79 mg-1 min-1 and the energy consumption was 47.6 kWh per kg of H2O2 generated.

  Degradation of DP in the electrochemical reactor was investigated with the GDE pressurized with N2 (conditions for anodic oxidation), and with O2 in the absence of catalyst (conditions for H2O2 generation) and in the presence of Fe2+ (conditions for the electro-Fenton process). The best results were obtained under electro-Fenton conditions, whereby absorbance at 262 nm was decreased by 84.7%, the concentration of DP was diminished by 92.5%, and TOC was reduced by 62.8% after 90 min of reaction. These results were associated with the increased formation of •OH from H2O2 catalyzed by Fe2+, and this gave rise to a reduction in energy consumption for TOC removal of 92.3% compared with anodic degradation, and of 65.8% compared with H2O2 electrodegradation without catalyst. The findings reported herein confirm the importance of using Fe2+ in electrodegradation reactions involving the in situ generation of H2O2.
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    O destino de toxinas naturais no meio ambiente tem estado em foco nos últimos anos, assim como compostos produzidos a partir de plantas que podem ser introduzidos no meio ambiente por processos como lixiviação, decomposição de resíduos de plantas ou exsudação. Dois glicoalcaloides (a-solanina e a-chaconina) e suas agliconas (demissidina e solasodina) produzidos pela batata (Solanum Tuberosum L. ) foram encontrados na camada superior de solo coletada cada semana, durante dois meses, em diferentes níveis. Um novo método analítico que usa cromatografia líquida Orbitrap com espectrometria de massas foi desenvolvido para a análise de dois glicoalcaloides e duas agliconas em camadas superiores de solos com batata e a validação do método incluiu sensibilidade, recuperação, linearidade, exatidão e precisão e especificidade. A aplicação desse método para a triagem de rotina desses compostos foi alcançada e este estudo representa um método simples, rápido e confiável para a quantificação desses compostos em camadas superiores de solos com batata.

  

   

  
    The fate of natural toxins in the environment has been in focus for the past years. Also, plant produced compounds that can be introduced to the environment by processes such as leaching, decomposition of plant residues or root exudation. The two toxic glycoalkaloids (α-solanine and α-chaconine) and theirs aglycons (demissidine and solasodine) produced by the potato plant (Solanum Tuberosum L. ) have been found in upper soil collected each week in two months in varying levels. A new analytical method that uses liquid chromatography Orbitrap mass spectrometry has been developed for the analysis of two glycoalkaloids and two aglycons in potato upper soils, and method validation was performed including sensitivity, recovery, linearity, accuracy and precision and specificity. The application of this method for routine screening of these compounds has been achieved and this study represents a simple, fast and reliable method for the quantification of these compounds in potato upper soils.

    Keywords: glycoalkaloids, aglycons, soil, Orbitrap MS, high resolution MS

  

   

   

  Introduction 

  Many plants and microorganisms produce toxins and there has been an increased interest in the fate of natural toxins in the terrestrial environment within the last decade. Several natural toxins have been detected in the soil or in surface, drainage, or soil water. The presence of natural toxins in the terrestrial environment may have unintended effects on various organisms or because they may contaminate valuable drinking water resources. One of the most important crops in the world, the potato plant, produces biologically active secondary metabolites like glycoalkaloids and their aglycons, which may have both adverse and beneficial biological effects in the diet.1 These compounds are present in all parts of the potato plant, and previous studies indicate that they may be relatively lasting in the terrestrial environment. Hence, the potato glycoalkaloids could possibly be a risk in the terrestrial environment. A vast number of toxins are produced by plants and microorganisms and alone in the human diet 5,000-10,000 natural toxins are estimated to be present.2 The group of natural toxins are diverse in terms of structure, toxicity, and properties.3

  The potato plant is one of the most important crops in the world. More than 321 million tons were produced worldwide in 2007 using 19 million hectare. Potatoes are often grown on sandy soils with low water to holding capacity. These soils are in general vulnerable to leaching, because they contain little sorption material. The potato fields are heavily irrigated, which will result in large percolation and lead to an increased risk of leaching. The potato plant produces high levels of glycoalkaloids, such as α-chaconine and α-solanine, which are known to be toxic to human as well as to many other organisms including fungi, snails, and insects4-8 and produces also other aglycons like demissidine and solasodine.

  Symptoms of glycoalkaloids poisoning include colic pain in the abdomen and stomach, gastroenteritis, diarrhea, vomiting, fever, rapid pulse, low blood pressure, and neurological disorders.9 Total glycoalkaloids content of different potato varieties varied from few (about 10) to many (about 580) mg kg-1.10 Duke11 and Friedman et al. 12 refer the contents of the major glycoalkaloids potato constituents are α-solanine, α-chaconine and solanosolone. The compounds are present in all parts of the potato plant, where the highest concentrations are found in the above ground plant material.13-16

  Several analytical methods have been used for quantification of the glycoalkaloids,17 the preferred method is high performance liquid chromatography (HPLC)-UV.18-20 Though, due to the poor UV absorption of the compounds, a more sensitive and selective detector would be preferable, which leads to the choice of using mass spectrometry (MS) for detection. A few methods using liquid chromatography-mass spectrometry (LC-MS) for potato glycoalkaloids detection have been published recently21-23 but not in soil. Overall, this indicates that the glycoalkaloids could be relatively persistent in the environment. The high biomass of the potato plant and the high amount of glycoalkaloids in the plant result in a high potential glycoalkaloids load to the soil environment from a potato field. The circumstances, under which the potato plants are grown, constitute a general high risk of leaching. The possible persistence of the compounds in the environment may increase the risk of leaching, because of the prolonged lifetime in the soil. Overall, in addition to the worldwide importance of this crop, this is the motivation for the investigation of the fate of the glycoalkaloids in the environment. The aim of the work is to develop and validate for the first time an Orbitrap method for the separation and determination of two glycoalkaloids (α-solanine and α-chaconine) and two aglycons (demissidine and solasodine) in potato upper soil using up-to-date chemical instrumentation; an HPLC system connected to a LTQ Orbitrap XL (Thermo Scientific, San Jose, CA, USA), through a heated electrospray interface (HESI; Thermo Fisher Scientific, San Jose, CA, USA), that can be suitable as an accurate technique for regulatory monitoring purposes in analysis.

   

  Material and Methods

  Materials and standards

  Analytical standards of α-solanine (99.0%) and demissidine (99.0%) were purchased from Sigma Aldrich (Dublin, Ireland), analytical standards of solasodine (99.0%) and α-chaconine (98.0%) were purchased from ABCR (Karlsruhe, Germany). Stock solutions at concentration of 1000 µg mL-1 were prepared from the pure compound standards using methanol/formic acid 0.2%. Standard working solution, at various concentrations, were daily prepared by appropriate dilution with methanol of aliquot of the stock solution.

  Formic acid analytical grade was purchased from Prolabo (Manchester, UK). All solvents including HPLC grade methanol and HPLC grade water were purchased from Fisher (Dublin, Ireland). Prior to HPLC injection, the samples were filtered through a 0.45-mm PTFE filter from Supelco (Bellefonte, PA, USA). Cartridges solid phase extraction (SPE) Strata C18-E (200 mg/3 mL) were purchased from Phenomenex (Torrance, CA, USA).

  Sample collection

  Soil samples were collected in potato crops of the Cork city area at seven different week during the months of July and August 2013. They were dried in stove at about 80 ºC for at least 24 hours prior analysis.

  Extraction procedure for potato upper soil

  5 g of soil sample are weighed in 50 mL centrifuge tube and homogenized with Ultraturrax with 15 mL methanol. Then the sample is centrifuged for 5 min at 3000 rpm. Supernatant organic solution is transferred into another centrifuge tube. The residue is treated twice more with 15 mL of methanol and then centrifuged for 5 min at 3000 rpm. Supernatants are combined, they are then filtered using a 0.45 µm nylon membrane filter, evaporated, and made up with 20 mL of water before SPE.

  The solid phase extraction tube used for the clean up glycoalkaloids was the SPE Strata C18-E extraction tube purchased from Phenomenex (CA, USA). Each SPE cartridge was conditioned with HPLC methanol (3 mL) followed by HPLC water (6 mL). Samples were loaded onto each cartridge using a vacuum pump (KNF Laboport, Carl Stuart, Dublin, Ireland) set at 10 psi. The cartridge was washed with water (4 mL) to remove the undesirable components of the matrix and eluted using HPLC methanol. The eluted solution was evaporated to dryness under nitrogen using a Turbo Vap LV evaporator (Zymark, Caliper Technologies, Russelsheim, Germany) and reconstituted in HPLC methanol (0.5 mL). The solution was transferred to a Teruno Syringe (5 mL) and filtered using a 0.45 µm nylon membrane filter, and transferred into an amber HPLC vial (10 mL, Thermo Scientific, Hemel Hempstead, Hertfordshire, UK).

  Instrumentation

  The separation of the analytes were carried out using an HPLC system (Thermo Scientific Accela; Thermo Scientific, San Jose, CA, USA) equipped with a Luna PFP analytical column of 150 mm × 2.0 mm and 3 µm particle size (Phenomenex, Torrance, CA, USA). The injected sample volume was 10 µL.

  Mobile phase A and B were water and acetonitrile, respectively, both containing 0.01% formic acid. The gradient program for the separation was: 0 min 80% A, 0-9 min 20% A. Finally, phase A was increased at 80% from 9 to 9.10 min and held at 80% until end of the run at 13 min. The flow rate during analysis was 200 µL min-1.

  The HPLC system was connected to an LTQ Orbitrap XL (Thermo Scientific, San Jose, CA, USA), through a heated electrospray interface (HESI; Thermo Fisher Scientific, San Jose, CA, USA), operating in positive ionization mode using the following parameters: capillary temperature 240 ºC, vaporization temperature 250 ºC, sheath gas flow 35, aux gas flow 30, source voltage 4 kV, source current 100 µA, capillary voltage 52 V, tube lens 120 V.

  The scan type settings used for the analysis are: scan 1, analyzer: Fourier transform mass spectrometer (FTMS) operating in full scan; resolution: 30,000 FWHM (full width at half maximum); polarity: positive. Scan 2-5, were operated in: ion trap mass spectrometer (ITMS) mode using the [M + H]+ ions and their optimized collision energies (CE) 852.51 at 42% CE, 868.5 at 39% CE, 400.35 at 38% CE and 414.35 at 26% CE for confirmation.

   

  Result and Discussion

  Method validation

  Percentage recovery experiments were conducted by spiking known concentrations of α-chaconine, α-solanine, demissidine and solasodine in soil samples at the beginning of the extraction procedure. The percentage recoveries of the monitored analytes are illustrated in Table 1.

  
    

    [image: Table 1. Calibration data including linear range]

  

  It is clear from these results that the percentage recoveries are acceptable. α-chaconine and α-solanine show the best percentage of recovery with > 89.9% recovery. The percentage of recovery of demissidine and solasodine are also quite good, with > 69.5%. The repeatability of the method, evaluated 5 times on each kind of soil, was expressed by % CV, that proved to be lower than 7.9 %.

  In Figure 1, a chromatogram of a spiked soil samples at a concentration of 0.5 mg kg-1 is shown.

  
    

    [image: Figure 1. Spiked soil sample at a concentration]

  

  The specificity of the method was attained using the retention time stability. The stability in retention of each analyte was analyzed over 5 days, with a total sample number equal to 50. The retention time of this method is stable over a five-day period, with a relative standard deviation of < 1.69 % (Table 1).

  The linear range of this method was investigated using different ranges for each compound and was calculated in HPLC grade methanol. The linear range for demissidine and solasodine was from 0.0025-0.1 mg kg-1 with a sample number equal to five (n = 5) and the linear range for α-chaconine and α-solanine was from 0.025-1 mg kg-1. This method showed good linearity for all the analytes with correlation coefficients (R2) > 0.9933 (Table 1).

  Sensitivity was expressed by the instrumental limit of detection (LOD) and limit of quantitation (LOQ) for each target compound. Three times the S/N was used to determine the LOD and ten times the S/N was used to determine the LOQ (both calculated in HPLC grade methanol). The limits obtained are very low, especially for demissidine and solasodine. LOQs for demissidine and solasodine were 0.0001 and 0.00025 mg kg-1, respectively. LOQs for α-chaconine and α-solanine were 0.025 mg kg-1 for both compounds. These results highlight the consistent and the appreciable sensitivity that can be obtained also using a full scan method like in the SPE-LC/LTQ orbitrap method developed (Table 1).

  The accuracy of these methods were determined using percentage relative errors at two different spiked concentrations (0.05 and 0.5 mg kg-1 for α-chaconine and α-solanine, 0.05 and 0.005 mg kg-1 for demissidine and solasodine) over five days (n = 5). The % relative error are < 9.89 %. The lowest % relative error is 1.09 % obtained for α-chaconine. The precision of this method was determined by monitoring the % RSD over a five day period. All the % RSD obtained were < 7.62% for the standards. The lowest % RSD was < 1.45% for the standard of solasodine (data not shown).

  Application of the LC/MS method to soil samples

  The analytical data obtained in HPLC/MS LTQ Orbitrap of 7 soil samples collected in potato crops of the Cork city area at seven different week during the months of July and August 2013 are reported in Table 2, where sample date and concentrations of the glycoalkaloids and their aglycons, expressed in mg kg-1, are shown.
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  The data display that the concentration of the glycoalkaloid α-chaconine range from 0.0108 in the sample of August 7th to 0.0668 mg kg-1 relative of a sample collected on August 14th. The levels of α-solanine range from 0.0099 mg kg-1 to 0.0782 mg kg-1 without important difference between samples. The trend of the content of α-chaconine and α-solanine in the seven monitored sample seems to be quite similar, with a maximum at august 14th and 21st. The amounts of the two aglycons, solasodine and demissidine, are lower than that one of the two glycoalkaloids. Also, in this case, the trend of the concentration of the two aglycons in the monitored soil samples seems to be similar with a maximum also in this case on August 14th.

  A few methods using LC-MS for potato glycoalkaloid detection have been published recently. However, these methods are all focusing on other applications, primarily analysis of samples from potato matrices.23 Instead, it is well known that natural compounds may be released by different mechanisms from the plants; volatilization, leaching from plant parts, decomposition of plant residues, or root exudation24 and the amount released from the plant is uncertain. The plants are also present in the field for a long period of time. This may overall lead to a more continuous application process.

  In one study, an analytical method for the quantification of some glycoalkaloids (different from ours) has been performed and validated in environmental matrices.25

  Jensen et al. found a maximum glycoalkaloid concentration of 2.8 mg kg-1 dry weight soil, determining that the leaching potential of the glycoalkaloids is to be considered small.26 This value is higher with respect to our data. In fact, the highest total glycoalkaloids level, among the seven soil samples collected, has been found in the sample collected on August 14th in which the sum of the four analytes is equal to 1.383 mg kg-1.

  Our data (Table 2) indicate that the degradation proceeded relatively slow for glycoalkaloids in soil matrices as previously reported by Jensen et al. .27

  In Figure 2, a chromatogram of a soil sample collected on August the 7th, contained the four analytes at different concentration is reported. Additionally, mass error in ppm is shown for each one.
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  Accurate mass studies for standard solution and soil samples

  Mass measurement experiments were carried out by using the LTQ Orbitrap MS and 1, 0.8, 0.75, 0.5, 0.3, 0.25, 0.1, 0.03 µg mL-1 standard solutions of α-chaconine, α-solanine, demissidine, solasodine. The accurate mass assigned to the [M + H]+ ions of the analytes in each acquired mass spectrum was measured.

  Thirty mass measurements for [M + H]+ ions for the standards of α-chaconine, α-solanine, demissidine and solasodine were selected by using Orbitrap MS at a mass resolving power of 30,000 FWHM and scan cycle time 0.25 s and the mass error measured in ppm ranged from -2,09213 to -0,01842, showing the great accuracy of these data.

  In addition, mass measurement experiments were carried out by using the LTQ Orbitrap MS and soil samples. The accurate mass assigned to the [M + H]+ ions of each of the four analytes in soil samples in each acquired mass spectrum was measured. Fourteen mass spectra of each analyte were selected to provide a set of mass measurement data acquired at Orbitrap mass resolving powers of 30,000 FWHM and scan cycle times 0.25 s. Fourteen mass measurements for [M + H]+ of each analyte in soil samples by using Orbitrap MS at a mass resolving power of 30,000 FWHM were carried out. The mean of the measured mass and mass error are shown in Table 3. Also in this case, results are excellent (mass error ranged from -1.705617 to -0.071880 ppm).
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  Conclusion

  In conclusion, with this research, we set up a new method for the separation and quantification of glycoalkaloids and aglycons in soil samples.

  The levels of the detected glycoalkaloids and aglycons are low, but the method developed provided high selectivity and efficiency, as confirmed by the mass error always lower than 2 ppm. This study represents a simple, fast and reliable method for the quantification of these compounds in potato upper soils. The developed method can be really useful for laboratory involved in the routine screening of these compounds for regulatory monitoring purposes.
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    O acoplamento de Sonogashira do trimetilsililacetileno com 4-alcóxi-1-iodobenzenos resultou em 2-(4-(alquilóxi)fenil)etiniltrimetilsilanos, que sofrem desproteção pela retirada do grupo TMS usando fluoreto de tetrabutilamônio (TBAF) em THF à temperatura ambiente, resultando nos 2-(4-(alquilóxi)fenil)acetilenos terminais correspondentes. O acoplamento cruzado de Sonogashira do 1,3,5-tribromobenzeno com os arilacetilenos terminais em meio aquoso resultou na formação de derivados de benzeno mono-, di- e tri-alquinilados com rendimentos de moderados a bons. Os fatores que afetam a regiosseletividade da alquinilação também foram examinados.

  

   

  
    Sonogashira coupling of trimethylsilylacetylene with 4-alkyloxy-1-iodobenzenes gave 2-(4-(alkyloxy)phenyl)ethynyltrimethylsilanes which undergo deprotection via removal of TMS-group using tetrabutylammonium fluoride (TBAF) in THF at room temperature to afford the corresponding terminal 2-(4-(alkyloxy)phenyl)acetylenes. Regiocontrolled Sonogashira cross-coupling of 1,3,5-tribromobenzene with the terminal arylacetylenes in aqueous medium resulted in the formation of mono-, di- and tri-alkynylated benzene derivatives in moderate to good yields. Factors affecting the regioselective alkynylation were also examined.

    Keywords: arylacetylenes, cross-coupling, catalysis, palladium, aqueous media

  

   

   

  Introduction

  Sonogashira cross-coupling, reaction of terminal alkynes with aryl halides in the presence of palladium(0)/copper(I) catalyst under basic conditions, has been established as one of the most convenient routes to symmetrical and unsymmetrical diarylethynes of potential biological and non-biological applications.1-8 Synthesis of terminal arylacetylenes can be achieved through palladium-catalyzed Sonogashira coupling of aryl halides with mono-protected acetylenes followed by removal of the protecting group.9,10 Furthermore, terminal arylacetylenes are involved in the construction of conjugated oligoand polyarylacetylenes of wide range of industrial applications.11-14 Polyhalogenated arenes were employed in Sonogashira coupling reactions with terminal alkynes.15-24 In addition, aqueous organic solvents have been used for promotion of Sonogashira cross-coupling reactions in the presence of PdCl2(PPh3)2.25-29 In continuation of our research work on Sonogashira coupling reaction27,30 we report in this work a regiocontrolled Sonogashira cross-coupling on 1,3,5-tribromobenzene as attractive strategy for synthesis of unsymmetrical ethynylated benzene derivatives. The effect of solvent/base ratios on the optimization of the regiocontrolled cross-coupling is evaluated.

   

  Results and Discussion

  At first, three different 4-alkyloxy-1-iodobenzene derivatives 1a-c were easily synthesized by reaction of 4-iodophenol with the appropriate alkyl bromides in dimethylsulfoxide (DMSO) in the presence of KOH at room temperature according to the reported Williamson method.31 Then, Sonogashira coupling of trimethylsilylacetylene with 4-alkyloxy-1-iodobenzene derivatives 1a-c using PdCl2(PPh3)2 (1 mol%) and CuI (2 mol%) in water/ toluene (2 mL, 1:1) in the presence of 2 equivalents of triethylamine (Et3N) at room temperature for 24 h afforded 2-(4-(alkyloxy)phenyl)ethynyl-trimethylsilane 2a-c in 74, 86 and 96% yields, respectively (Scheme 1).
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  Next, removal of the trimethylsilyl (TMS) group from 2-(4-(alkyloxy)phenyl)-ethynyltrimethylsilanes 2a-c is achieved under mild conditions using tetrabutylammonium fluoride (TBAF) in tetrahydrofuran (THF) following a related literature methodology.32 The deprotection process is completed within one hour at room temperature to afford the corresponding terminal arylacetylene products 3a-c in 74-85% yields. Further deprotection methods were reported using strong bases (such as NaH, NaOH, KOH, K2CO3 or t-BuOK) at high temperature.33-38

  Regio-controlled Sonogashira cross-coupling of 1,3,5-tribromobenzene 4 with 1-ethynyl-4-(alkyloxy) benzenes 3a-c

  In the next part, the scope and limitations of the palladium-catalyzed regio-controlled Sonogashira cross-coupling reactions of 1,3,5-tribromobenzene 4 were investigated. Optimization of the reaction conditions for the regio-selective synthesis of mono-ethynylated dibromobenzene 5c from 1,3,5-tribromobenzene 4 was performed and the results are outlined in Table 1. Thus, firstly the cross-coupling reaction of 1,3,5-tribromobenzene 4 with 1-ethynyl-4-(octyloxy)benzene 3c in 1:1 molar ratio using PdCl2(PPh3)2 (1 mol%) in the presence of CuI (2 mol%) using triethylamine (4 equiv.) was carried out in water/ toluene (1:1, v/v) under argon atmosphere at 60 ºC for 24 h till full conversion of 4 as examined by thin layer chromatography (TLC).After column chromatography, two products were isolated. The major product was obtained in 74% yield (Table 1, entry 1) and its structure was established as 1,3-dibromo-5-(2-(4-(octyloxy)phenyl)-ethynyl)-benzene 5c on the basis of its spectral analyses. The mass spectrum of 5c exhibited a peak at m/[image: Caracter 1] 464 corresponding to its molecular ion and its 1H and 13C nuclear magnetic resonance (NMR) spectra were in accordance with the assigned structure. The minor product was isolated in 20% and was confirmed as 1-bromo-3,5-di-(2-(4-(octyloxy)phenyl)-ethynyl)benzene 6c on the basis of its spectral analyses. Repeating the same reaction under similar conditions using three equiv. of Et3N led to the formation of mono- and di-ethynylated bromobenzenes 5c and 6c in 80 and 12% isolated yields, respectively (Table 1, entry 2). Using two equiv. of Et3N gave the desired products 5c and 6c in 90 and 8% isolated yields, respectively (Table 1, entry 3). The use of neat toluene as solvent under the optimized coupling conditions above employing 2 equiv. of Et3N gave the products 5c and 6c in lower yields, 62 and 3% isolated yields, respectively (Table 1, entry 4). Similarly, performing the coupling reaction in degassed neat water under argon in the presence of 2 equiv. of Et3N gave the products 5c and 6c in 70 and 5% isolated yields, respectively (Table 1, entry 5). Furthermore, the use of one equivalent of Et3N in water/toluene (1:1, v/v) resulted in the formation 5c and 6c in 78 and 18%, respectively (Table 1, entry 6). Under the latter condition, coupling of 4 with 3c in toluene only afforded 5c and 6c in 45 and 9%, respectively (Table 1, entry 7). These results of entries 1-3 and 6, Table 1, are consistent with the reported ones declaring that aqueous organic solvents enhance Sonogashira cross-coupling reactions in the presence of PdCl2(PPh3)2.25-29 Accordingly, the selectivity towards mono-ethynylated dibromobenzene 5c reached its maximum when 2 equiv. of Et3N and 1 equiv. of alkyne 3c were employed using a mixed reaction solvent; water/toluene (1:1, v/v).
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  Under the optimized conditions, regio-controlled Sonogashira cross-coupling reactions of further arylacetylenes 3a-b with 1,3,5-tribromobenzene 4 was achieved as depicted in Table 2. Thus, cross-coupling of 1,3,5-tribromobenzene 4 with 1-ethynyl-4-(hexyloxy) benzene 3a and with 1-ethynyl-4-(heptyloxy)benzene 3b were carried out in 1:1 molar ratio using PdCl2(PPh3)2 in the presence of CuI in toluene/water mixed solvent and triethylamine as a base under argon atmosphere at 60 ºC for 24 h resulted, in both cases, in full conversion into two products (major and minor) as depicted in Table 2. The reaction molar ratios were typically: 1 mmol arylacetylenes 3a-b, 1 mmol 1,3,5-tribromobenzene 4, 2 mmol Et3N, 1 mol% PdCl2(PPh3)2 and 2 mol% CuI in water/toluene (2 mL, 1:1 v/v). The major products were obtained in 94 and 93% yields, respectively (Table 2, entries 1 and 2) and their structures were established as 1-(3,5-dibromophenyl)-2-(4-hexyloxyphenyl)acetylene 5a and 1-(3,5-dibromophenyl)-2-(4-heptyloxyphenyl) acetylene 5b on the basis of their elemental and spectral analyses. The minor products were isolated in 2 and 4%, respectively (Table 2, entries 1 and 2), and were confirmed as 1-bromo-3,5-di-(2-(4-hexyloxyphenyl)-ethynyl) benzene 6a and 1-bromo-3,5-di-(2-(4-heptyloxyphenyl) ethynyl)benzene 6b on the basis of their spectral analyses (1H, 13C NMR and mass spectra) as mentioned in the experimental section.
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  Synthesis of unsymmetrical di- and tri-ethynylated benzenes

  Next, cross-coupling of the mono-ethynylated dibromobenzene 5c with other terminal alkynes aiming to  prepare unsymmetrical di- and tri-ethynylated benzenes via two successive Sonogashira reactions is evaluated as shown in Scheme 2. Thus, Sonogashira cross-coupling reaction of 1,3-dibromo-5-(2-(4-(octyloxy)phenyl) ethynyl)-benzene 5c with 1-ethynyl-4-(heptyloxy)benzene 3b was performed applying the following reaction condition: 5c (1 mmol), 3b (1 mmol), PdCl2(PPh3)2 (1 mol%), CuI (2 mol%) in toluene/water (2 mL, 1:1) using triethylamine (2 mmol) under argon atmosphere at 60 ºC for 24 h to furnish two isolable products. After column chromatography, the obtained products were identified as 1-bromo-3-(2-(4-heptyloxyphenyl) ethynyl)-5-(2-(4-octyloxyphenyl)ethynyl)benzene (7) (40% yield) in addition to 1,3-di-(2-(4-heptyloxyphenyl) ethynyl)-5-(2-(4-octyloxyphenyl)ethynyl)-benzene (8) (4% yield), as shown in Scheme 2. Afterwards, the third regiocontrolled cross-coupling process for 1-bromo-3(2-(4-heptyloxyphenyl)ethynyl)-5-(2-(4-octyloxyphenyl) ethynyl)benzene 7 was conducted via its reaction with 1-ethynylbenzene 9 in 1:1 molar ratio in the presence of PdCl2(PPh3)2 (1 mol%), CuI (2 mol%) in toluene/water (2 mL, 1:1) using triethylamine (2 mmol) under argon at 60 ºC for 24 h. This sequenced cross-coupling furnished the desired unsymmetrical tri-ethynylated benzene derivative; 1-(2-(4-(heptyloxy)phenyl)ethynyl)3-(2-(4-(octyloxy)-phenyl)ethynyl)-5-(2-phenyl-ethynyl)benzene (10) in 60% yield as outlined in Scheme 2. The tri-ethynylated benzene product 10 was confirmed on the basis of its nuclear magnetic resonance (1H and 13C NMR) and mass spectra (MS) (see experimental section).
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  Conclusions

  Three different 1-ethynyl-4-(alkyloxy)benzene candidates were prepared in three steps from 4-iodophenol. Then, these terminal acetylene candidates were employed in an efficient regiocontrolled Sonogashira cross-coupling with 1,3,5-tribromobenzene 4 for the preparation of unsymmetrical mono-, di- and tri-alkynylated benzene derivatives in moderate to good yields. Water/toluene mixed solvent was found to greatly enhance the crosscoupling reaction of 4-alkyloxyphenylacetylene with 1,3,5-tribromobenzene. These results encouraged us to conduct sequential Sonogashira followed by Susuki crosscoupling reactions on analogous candidates and the results are under progress.

   

  Experimental

  Melting points were determined in open glass capillaries with a Gallenkamp apparatus. The infrared (IR) spectra were recorded in potassium bromide disks on a Pye Unicam SP 3-300 and Shimaduz FTIR 8101 PC infrared spectrophotometer. NMR spectra were recorded with a Varian Mercury VXR-300 NMR spectrometer at 300 MHz (1H NMR) and at 75 MHz (13C NMR) using CDCl3 as solvent and internal standard (δ 7.27 and 77.36 ppm, for 1H NMR and 13C NMR, respectively). Chemical shifts (δ) and J values are reported in ppm and Hz, respectively. Multiplicities are shown as the abbreviations: s (singlet), d (doublet), t (triplet), m (multiplet). Electrospray ionization mass spectrometry (EI-MS) analyses were obtained at 70 eV with a Shimadzu GCMQP 1000 EX spectrometer. Analytical thin-layer chromatography (TLC) was performed using pre-coated silica gel 60778 plates (Fluka), and the spots were visualized with UV light at 254 nm. Fluka silica gel 60741 (70-230 mesh) was used for flash column chromatography. For the exclusion of atmospheric oxygen from the reaction medium, the aqueous solvent was firstly deoxygenated with a stream of argon for 30 min before use. 1-Hexyloxy-4-iodobenzene (1a),39,40 1-heptyloxy-4iodobenzene (1b),39 and 1-octyloxy-4-iodobenzene (1c)41 were prepared following literature procedures.

  Synthesis of 4-(alkyloxy)phenylethynyltrimethylsilanes 2a-c

  To a mixture of PdCl2(PPh3)2 (14 mg, 0.02 mmol), CuI (7.6 mg, 0.04 mmol), and 1-alkyloxy-4-iodobenzenes 1a-c (2mmol) in toluene (2 mL) was added trimethylsilylacetylene (0.34 mL, 2.4 mmol) at room temperature under an argon atmosphere. Triethylamine (0.28 mL, 4 mmol) in water (2 mL) was then added drop-wise and stirring was continued for 24 h at room temperature. The resulting two-phase mixture was separated and the aqueous layer was extracted with diethyl ether (3 × 30 mL). The combined organic layer was concentrated under reduced pressure to leave a crude solid, which was purified by chromatography on silica gel (hexane-ethyl acetate) to furnish the corresponding cross-coupled products 2a-c.

  4-(Hexyloxy)phenylethynyltrimethylsilane (2a):42 this compound was purified by ethyl acetate-hexane (1:30) to yield 0.406 g of 2a (74%); 1H NMR (300 MHz, CDCl3) δ 0.24 (s, 9H) 0.91 (t, 3H, J 6.6 Hz), 1.26-1.45 (m, 6H), 1.74-1.80 (m, 2H), 3.95 (t, 2H, J 6.6 Hz), 6.81 (d, 2H, J 9.0 Hz), 7.39 (d, 2H, J 9.0 Hz).

  4-(Heptyloxy)phenylethynyltrimethylsilane (2b):43 this compound was purified by ethyl acetate-hexane (1:50) to yield 0.496 g of 2b (86%); 1H NMR (300 MHz, CDCl3) δ 0.24 (s, 9H), 0.91 (m, 3H), 1.28-1.46 (m, 8H), 1.76-1.81 (m, 2H), 3.95 (t, 2H, J 6.6 Hz), 6.81 (d, J 8.1 Hz, 2H), 7.39 (d, J 7.8 Hz, 2H).

  4-(Octyloxy)phenylethynyltrimethylsilane (2c):44,45 this compound was purified by ethyl acetate-hexane (1:70) to yield 0.58 g of 2c (96%); 1H NMR (300 MHz, CDCl3) δ 0.25 (s, 9H) 0.90 (m, 3H), 1.27-1.44 (m, 10H), 1.75-1.80 (m, 2H), 3.94 (t, 2H, J 6.6 Hz), 6.80 (d, 2H, J 8.7 Hz), 7.39 (d, 2H, J 9.0 Hz).

  Synthesis of 1-ethynyl-4-(alkyloxy)benzenes 3a-c

  To 2-(4-(alkyloxy)phenyl)ethynyltrimethylsilane 2a-c (0.5 mmol) in THF (3 mL), was added tetrabutylammonium fluoride (TBAF) (0.66 mL, 1 mmol) at room temperature. The resulting mixture was stirred for one hour at room temperature. The mixture was then filtered and the solvent was evaporated under reduced pressure to leave a crude oily product, which was purified by flash column chromatography using ethyl acetate-hexane (1:80) to furnish the corresponding desilylated products 3a-c in very good yields.

  1-Ethynyl-4-(hexyloxy)benzene (3a):46 this compound was purified by ethyl acetate-hexane (1:80) to yield 155.5 mg (77%) as yellow oil; 1H NMR (300 MHz, CDCl3) δ 0.92 (t, 3H, J 7.2 Hz), 1.23-1.49 (m, 6H), 1.71-1.81 (m, 2H), 2.97 (s, 1H), 3.93 (t, 2H, J 6.6 Hz), 6.82 (d, 2H, J 9.0 Hz), 7.39 (d, 2H, J 9.0 Hz).

  1-Ethynyl-4-(heptyloxy)benzene (3b):47 this compound was purified by ethyl acetate-hexane (1:80) to furnish (162 mg, 75% yield), as yellow oil; 1H NMR (300 MHz, CDCl3) δ 0.89 (t, 3H, J 7.2 Hz), 1.26-1.45 (m, 8H), 1.73-1.80 (m, 2H), 2.94 (s, 1H), 3.91 (t, 2H, J 6.6 Hz), 6.83 (d, 2H, J 9.0 Hz), 7.38 (d, 2H, J 9.0 Hz).

  1-Ethynyl-4-(octyloxy)benzene (3c):41,45,48 this compound was purified by ethyl acetate-hexane (1:80) to give 184 mg (80% yield) as orange oil; 1H NMR (300 MHz, CDCl3) δ 0.88 (t, 3H, J 7.2 Hz), 1.26-1.45 (m, 10H), 1.71-1.80 (m, 2H), 2.96 (s, 1H), 3.91 (t, 2H, J 6.6 Hz), 6.81 (d, 2H, J 9.0 Hz), 7.38 (d, 2H, J 9.0 Hz).

  Synthesis of mono- and dialkynylated benzene derivatives

  To PdCl2(PPh3)2 (7 mg, 0.01 mmol), CuI (3.8 mg, 0.02 mmol) in toluene (1 mL) and Et3N (140 mL, 2 mmol) in water (1 mL) were added 1,3,5-tribromobenzene 4 (315 mg, 1 mmol) and 4-alkoxyphenylethyne 3a-c (1 mmol) under an argon atmosphere. Stirring was continued for 24 h at 60 ºC. Two phases of the resulting mixture were separated and the aqueous layer was extracted three times with diethyl ether (3 × 30 mL). The combined organic layer was concentrated under reduced pressure to leave a crude solid, which was purified by flash column chromatography using hexane/ ethyl acetate (20:1) to give the corresponding mono and dialkynylated products 5a-c and 6a-c.

  1,3-Dibromo-5-(2-(4-(hexyloxy)phenyl)ethynyl)benzene (5a): yield: 409.5 mg (94%) as white powder; m.p. 54-55 ºC; IR (KBr) [image: Caracter 11]max/cm-1 3065, 2926, 2210, 1550, 1464, 1243; 1H NMR (300 MHz, CDCl3) d 0.92 (t, 3H, J 5.6 Hz), 1.28-1.85 (m, 8H), 3.99 (t, 2H, J 6.6 Hz), 6.89-7.03 (m, 2H), 7.43-7.49 (m, 2H), 7.58 (s, 2H), 7.61 (s, 1H); 13C NMR (75 MHz, CDCl3) d 14.1, 22.8, 26.1, 29.0, 31.8, 68.2, 85.3, 92.5, 114.1, 114.5, 122.7, 127.4, 132.9, 133.5, 133.8, 160.1; MS (EI, 70 eV) m/[image: Caracter 2] 436 (M+, 37.6%), 352 (100%), 271 (3.44%), 192 (20.8%), 163 (32.7%), 87 (7.9%), 55 (15.5%); anal. calcd. for C20H20Br2O: C, 55.07; H, 4.62%; found: C, 55.35; H, 4.79%.

  1-Bromo-3,5-bis(2-(4-(hexyloxy)phenyl)ethynyl)benzene (6a): yield: 11 mg (2%) as white crystals; m.p. 108 ºC; IR (KBr) [image: Caracter 12]max/cm-1 3068, 2929, 2206, 1592, 1463, 1245; 1H NMR (300 MHz, CDCl3) δ 0.92 (t, 6H, J 6.7 Hz), 1.28-1.83 (m, 16H), 3.99 (t, 4H, J 6.4 Hz), 6.87-6.95 (m, 4H), 7.44 (d, 4H, J 7.7 Hz), 7.47-7.58 (m, 3H); 13C NMR (75 MHz, CDCl3) δ 14.0, 23.1, 26.5, 28.5, 31.8, 68.4, 86.3, 91.7, 114.3, 114.8, 122.1, 132.4, 133.1, 133.6, 134.7, 159.7; MS (EI, 70 eV) m/[image: Caracter 3] 557 (M+, 35.0%), 258 (4.0%), 250 (27.6%), 235 (59.4%), 205 (53.7%), 189 (95.1%), 179 (55.6%), 124 (59.1%), 93 (31.0%), 75 (27.7%), 53 (100%); anal. calcd. for C34H37BrO2: C, 73.24; H, 6.69%; found: C, 73.13; H, 6.71%.

  1,3-Dibromo-5-(2-(4-(heptyloxy)phenyl)ethynyl)benzene (5b): yield: 418.5 mg (93%) as white crystals; m.p. 96 ºC; IR (KBr) [image: Caracter 13]max/cm-1 3046, 2927, 2131, 1596, 1464, 1243; 1H NMR (300 MHz, CDCl3) δ 0.93 (t, 3H, J 5.5 Hz), 1.28-1.84 (m, 10H), 3.97 (t, 2H, J 8.52 Hz), 6.90-7.15 (m, 2H), 7.43-7.47 (m, 2H), 7.58 (s, 2H), 7.61 (s, 1H); 13C NMR (75 MHz, CDCl3) δ 14.1, 22.5, 26.2, 28.7, 29.1, 31.9, 68.1, 85.2, 92.3, 114.0, 114.5, 122.5, 127.2, 132.8, 133.2, 133.6, 159.8; MS (EI, 70 eV) m/[image: Caracter 4] 450 (M+, 3.8%), 433 (74.8%), 332 (29.6%), 234 (97.9%), 121 (100%), 93 (25.0%), 64 (47.2%), 56 (26.8%); anal. calcd. for C21H22Br2O: C, 56.02; H, 4.93%; found: C, 56.29; H, 4.78%.

  1-Bromo-3,5-bis(2-(4-(heptyloxy)phenyl)ethynyl) benzene (6b): yield: 23.4 mg (4%) as white powder; m.p. 55-56 ºC; IR (KBr) [image: Caracter 14]max/cm-1 3042, 2923, 2219, 1550, 1463, 1249; 1H NMR (300 MHz, CDCl3) δ 0.92 (t, 6H, J 6.8 Hz), 1.28-1.83 (m, 20H), 3.99 (t, 4H, J 6.9 Hz), 6.88-6.97 (m, 4H), 7.44 (d, 4H, J 7.7 Hz), 7.47-7.54 (m, 3H); 13C NMR (75 MHz, CDCl3) δ 14.2, 22.8, 26.2, 29.1, 29.6, 31.8, 68.1, 86.1, 91.2, 114.1, 114.4, 121.8, 132.4, 133.0, 133.3, 134.2, 159.4; MS (EI, 70 eV) m/[image: Caracter 5] 585 (M+, 6.6%), 519 (6.9%), 457 (7.8%), 254 (9.0%), 80 (52.9%), 64 (73.7%), 57 (100%), 50 (18.8%); anal. calcd. for C36H14BrO2: C, 73.83; H, 7.06%; found: C, 73.59; H, 7.15%.

  1,3-Dibromo-5-(2-(4-(octyloxy)phenyl)ethynyl)benzene (5c):Yield: 417.5 mg (90%) as white powder; m.p. 58-59 ºC; IR (KBr) [image: Caracter 15]max/cm-1 3040, 2922, 2213, 1577, 1463, 1250; 1H NMR (300 MHz, CDCl3) δ 0.93 (t, 3H, J 5.4 Hz), 1.28-1.85 (m, 12H), 3.98 (t, 2H, J 6.5 Hz), 6.85-6.91 (m, 2H), 7.42-7.47 (m, 2H), 7.58 (s, 2H), 7.61 (s, 1H); 13C NMR (75 MHz, CDCl3) δ 14.1, 22.6, 26.0, 29.1, 29.2, 29.3, 31.8, 68.1, 85.2, 92.3, 113.9, 114.6, 122.6, 127.2, 132.7, 133.2, 133.4,159.8; MS (EI, 70 eV) m/[image: Caracter 6] 464 (M+, 29.4%), 352 (100%), 350 (54.7%), 192 (23.3%), 163 (37.4%), 71 (13.9%), 57 (44.4%), 55 (28.9%); anal. calcd. for C22H24Br2O: C, 56.92; H, 5.21%; found: C, 56.85; H, 5.09%.

  1-Bromo-3,5-bis(2-(4-(octyloxy)phenyl)ethynyl)benzene (6c): yield: 49 mg (8%) as white crystals; m.p. 63 ºC; IR (KBr) [image: Caracter 16]max/cm-1 3042, 2923, 2205, 1589, 1464, 1247; 1H NMR (300 MHz, CDCl3) δ 0.91 (t, 6H, J 6.6 Hz), 1.28-1.83 (m, 24H), 3.99 (t, 4H, J 6.5 Hz), 6.83-6.89 (m, 4H), 7.44 (d, 4H, J 7.8 Hz), 7.47-7.58 (m, 3H); 13C NMR (75 MHz, CDCl3) δ 14.1, 22.6, 26.0, 29.1, 29.2, 29.3, 31.8, 68.1, 86.0, 91.4, 114.3, 114.6, 121.8, 132.7, 133.1, 133.3, 133.9, 159.7; MS (EI, 70 eV) m/[image: Caracter 7] 614 (M+, 39.2%), 502 (12.5%), 390 (67.7%), 250 (10.9%), 71 (56.7%), 57 (100%), 55 (57.1%); anal. calcd. for C38H45BrO2: C, 74.37; H, 7.39%; found: C, 74.05; H, 7.19%.

  Synthesis of 1-(2-(3-bromo-5-(2-(4-(octyloxy)phenyl) ethynyl)phenyl)ethynyl)-4-(heptyloxy)-benzene (7)

  To PdCl2(PPh3)2 (7 mg, 0.01 mmol), CuI (3.8 mg, 0.02 mmol) in toluene (1 mL) and Et3N (140 mL, 2 mmol) in water (1 mL) were added 1-(2-(3,5-dibromophenyl) ethynyl)-4-(octyloxy)benzene 5c (464.2 mg, 1 mmol) and 1-ethynyl-4-(heptyloxy)benzene 3b (216 mg, 1 mmol) under argon atmosphere. The reaction mixture was stirred for 24 h at 60 ºC. Two phases of the resulting mixture were separated and the aqueous layer was extracted three times with diethyl ether (3 × 30 mL). The combined extracts were evaporated under reduced pressure to leave a crude solid, which was purified by flash column chromatography on silica gel using hexane/ethyl acetate (10:1) to furnish 7 (40% yield) and 8 (4% yield).

  1-Bromo-3-(2-(4-(heptyloxy)phenyl)ethynyl)-5-(2-(4(octyloxy)phenyl)ethynyl)benzene (7): yield: 239.5 mg (40%) as white powder; m.p. 56-57 ºC; IR (KBr) [image: Caracter 17]max/cm-1 3096, 2926, 2205, 1595, 1464, 1246; 1H NMR (300 MHz, CDCl3) δ 0.92 (t, 6H, J 4.3 Hz), 1.28-1.82 (m, 22H), 3.95-4.00 (m, 4H), 6.83-6.89 (m, 4H), 7.42-7.44 (m, 4H), 7.45-7.46 (m, 2H), 7.58 (s, 1H); 13C NMR (75 MHz, CDCl3) δ 14.1, 22.6, 22.7, 25.9, 29.0, 29.15, 29.18, 29.2, 29.3, 29.7, 31.7, 68.1, 68.2, 81.9, 85.9, 87.9, 91.4, 114.5, 114.6, 121.8, 125.7, 125.8, 125.9, 132.7, 132.8, 133.9, 158.9, 159.7; MS (EI, 70 eV) m/[image: Caracter 8] 599 (M+, 17.0%), 598 (40.9%), 586 (24.7%), 390 (100%), 250 (18.9%), 96 (11.9%), 71 (20.9%); anal. calcd. for C37H43BrO2: C, 74.11; H, 7.23%; found: C, 73.85; H, 7.09%.

  1,3-Bis(2-(4-(heptyloxy)phenyl)ethynyl)-5-(2-(4(octyloxy)phenyl)ethynyl)benzene (8): yield: 29 mg (4%) as yellow oil; IR (KBr) [image: Caracter 18]max/cm-1 3048, 2925, 2208, 1602, 1465, 1247; 1H NMR (300 MHz, CDCl3) δ 0.92 (m, 9H), 1.28-1.80 (m, 32H), 3.96-4.01 (m, 6H), 6.87-6.90 (m, 6H), 7.44-7.47 (m, 6H), 7.59 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 14.0, 22.6, 25.9, 29.0, 29.2, 29.7, 31.7, 68.2, 86.7, 90.5, 114.7, 124.3, 133.1, 133.4, 159.5; MS (EI, 70 eV) m/[image: Caracter 9] 735 (M+, 17.0%), 718 (15.9%), 575 (19.5%), 486 (24.5%), 462 (36.7%), 410 (24.5%), 351 (23.6%), 220 (43.7%), 107 (74.5%), 82 (100%), 65 (34.7%), 50 (13.5%); anal. calcd. for C52H62O3: C, 84.97; H, 8.50%; found: C, 84.85; H, 8.48%.

  Synthesis of 1-(2-(4-(heptyloxy)phenyl)ethynyl)-3-(2-(4(octyloxy)-phenyl)ethynyl)-5-(2-phenylethynyl)benzene (10)

  To a mixture of 1-(2-(3-bromo-5-(2-(4-(octyloxy) phenyl)-ethynyl)phenyl)ethynyl)-4-(heptyloxy)benzene (7) (599 mg, 1 mmol) and phenylethyne (9) (90 µL, 1 mmol), in toluene (1 mL) and water (1 mL), was added Et3N (140 µL, 2 mmol) followed by adding PdCl2(PPh3)2 (7 mg, 0.01 mmol) then CuI (3.8 mg, 0.02 mmol) under argon atmosphere. The reaction mixture was stirred for 24 h at 60 ºC. Two phases of the resulting mixture were separated and the aqueous layer was extracted three times with diethyl ether (3 × 30 mL). The combined extracts were evaporated under reduced pressure to leave a crude solid, which was purified by flash column chromatography on silica gel using hexane/ethyl acetate (10:1) to give compound 10 in 372.5 mg (60% yield) as yellow oil. IR (KBr) [image: Caracter 19]max/cm-1 3046, 2922, 2205, 1573, 1464, 1246; 1H NMR (300 MHz, CDCl3) δ 0.91-0.94 (m, 6H), 1.30-1.84 (m, 22H), 3.99 (t, 4H, J 6.4 Hz), 6.90 (d, 4H, J 6.7 Hz), 7.37-7.39 (m, 3H), 7.49 (d, 4H, J 5.7 Hz), 7.56 (d, 2H, J 3.9 Hz), 7.63 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 14.1, 22.6, 22.6, 25.9, 26.0, 29.0, 29.1, 29.2, 29.3, 29.6, 29.7, 31.7, 31.8, 68.1, 86.6, 88.0, 90.3, 90.7, 114.5, 114.6, 122.9, 123.9, 124.4, 128.3, 128.5, 131.7, 132.8, 133.1, 133.5, 133.7, 159.5; MS (EI, 70 eV) m/[image: Caracter 10] 621 (M+, 22.5%), 598 (0.4%), 430 (29.9%), 406 (36.3%), 234 (51.2%), 210 (100%), 181 (18.2%), 57 (70.3%), 55 (20.6%); anal. calcd. for C45H48O2: C, 87.05; H, 7.79%; found: C, 86.87; H, 7.68%.
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    A determinação do teor de cocaína em amostras de drogas consiste em uma importante tarefa em órgãos como a Polícia Federal Brasileira (BFP). Nesse sentido, este trabalho propõe apresentar um método baseado em espectros de infravermelho obtidos por refletância total atenuada (ATR) e regressão por mínimos quadrados parciais (PLSR) para quantificar cloridrato de cocaína em amostras de drogas. O método foi desenvolvido e validado com 275 amostras reais de drogas apreendidas pela BFP em todo o Brasil. A determinação foi realizada no intervalo de 35 a 99% (m/m) de cocaína nas amostras. Os resultados indicaram que o método é capaz de analisar diretamente amostras de drogas contendo cocaína na forma de cloridrato sem necessidade de qualquer preparo de amostra com erros médios de aproximadamente 3,00%, precisão de 1,50% (m/m) e concentração mínima detectável de 13% (m/m).

  

   

  
    The determination of cocaine in drug samples is an important task for law enforcement agencies such as the Brazilian Federal Police (BFP). In this sense, this paper proposes a method based on infrared spectra obtained by attenuated total reflectance (ATR) and partial least squares regression (PLSR) to quantify cocaine hydrochloride in drug samples. The method was developed and validated with 275 actual samples of drugs seized by the BFP. The determination was performed between 35 to 99% (m/m) of cocaine in the drug samples. Results indicate that the method is able to directly analyze drug samples containing cocaine in its hydrochloride form without any sample preparation with average prediction errors of 3.00% (m/m), 1.50% (m/m) precision and 13% (m/m) of minimum detectable concentration.
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  Introduction

  According to the United Nations Office on Drugs and Crime (UNODC), cocaine is the second most problematic drug worldwide in terms of negative health consequences, and probably the most problematic one in terms of drug trafficking-related violence.1 Furthermore, a World Drug Report published in 2013 asserts that while the use of cocaine in several countries in South America decreased or remained stable, in Brazil it has increased substantially, which justifies the intensification of studies that can assist law enforcement agencies in the control of illicit drug trafficking.2

  In order to increase drug volumes and illegal trafficking profits, various substances are added to cocaine. Among them there are diluting agents such as sugars and starches, as well as adulterants, which are pharmacologically active compounds capable of increasing the drug's adverse and side effects.1 The determination of cocaine concentration and of its diluents and adulterants has a significant role in forensic sciences, since it provides important information on how the drug has been cut, as well as on how illegal distribution networks operate in a certain area.

  Since the 1970s, the analytical methods used for the determination of cocaine in drug samples have evolved substantially.3 Currently, gas chromatography is the main technique applied for this analysis, since it provides accurate and precise results.4,5 Furthermore, gas chromatography is the recommended technique in the UNODC's manuals.6-8 However, despite the excellent results, gas chromatography usually requires a relatively complex sample preparation procedure and results in high cost and time for analysis. In addition, sample diversity demands the method to be frequently adjusted or updated. These factors make the analysis of a large number of drug samples by gas chromatography time consuming and difficult to implement.

  Multivariate analysis methods based on Fourier transform infrared (FTIR) spectroscopy have shown great potential for both qualitative and quantitative analyses. The combination of vibrational spectroscopy and chemometrics has been considered an efficient alternative method to directly extract information from many different data.9 One of the first methods applying FTIR for cocaine determination was proposed by Ravreby.10 In that case, cocaine hydrochloride and heroin concentrations were determined by univariate regression choosing a carbonyl absorption peak in the infrared (IR) spectra obtained with KBr pellets. The author also studied the effect of various additives and diluents such as starch, sugars, mannitol, caffeine, and procaine. However, considering the high complexity of seized drugs and the variation of the IR spectra obtained with KBr pellets, this method presents limitations for routine application in forensic analysis.10 Ryder et al. showed that multivariate analysis methods combined with Raman spectroscopy can be used as a rapid analytical method for the analysis of narcotics in two component mixtures. In this study, partial least squares regression (PLSR) showed that Raman data allow the estimation of cocaine concentration in solid mixtures with glucose, which should be sufficient for screening of samples.11 Rodrigues et al. performed an exploratory study that characterized the chemical composition of 91 cocaine samples seized in the state of Minas Gerais between 2008 and 2010, based on attenuated total reflectance (ATR) FTIR spectra and chemometric analysis. In their study, principal component analysis (PCA) and partial least squares for discriminant analysis (PLS-DA) were developed to classify the samples according to their dilution (below and above 15% m/m) and chemical form (cocaine hydrochloride or base). Discrimination according to dilution and chemical form resulted respectively in 83% and 97% correct results.9 In a preliminary study, Maharaj compared the quantification of cocaine using gas chromatography and flame ionization detection (GC-FID) with FTIR.12 Although only few samples were used for analysis, and the lack of results for figures of merit of the method, the author affirmed that the results obtained by GC-FID and ATR-FTIR are equivalent and consequently, ATR-FTIR was considered adequate for the quantitative analysis of cocaine.12 Recently, Pérez-Alfonso et al. proposed a method for determination of cocaine in illicit samples by diffuse reflectance measurements in the near infrared spectroscopy (NIR) region. The results obtained by the authors showed that the cocaine content can be determined in a wide concentration range. However, the validation was performed with a relatively low number of samples if one takes into account the high heterogeneity of illicit samples occurring in real forensic cases.13

  The results described in the literature suggest that infrared spectroscopy and multivariate analysis can be a viable analytical method for cocaine analysis in drug samples. However, there is still a lack of validated methods with a significant number of seized cocaine samples in order to prove the real potential of this technique in routine forensic analysis. Therefore, the aim of the present work is to describe the development and validation of an analytical method to quantify cocaine hydrochloride in seized drug samples using ATR-FTIR and multivariate calibration. In order to develop and validate the proposed method, the quantitative determination of cocaine was performed in a significant number of drug samples seized nationwide using two independent analytical techniques, namely GC-FID and ATR-FTIR.

   

  Experimental

  Samples and sample preparation

  The dataset was composed of 275 samples of cocaine hydrochloride originating from approximately 73 seizures made by the Brazilian Federal Police (BFP) in different parts of Brazil, between 2009 and 2013. All samples were sent to the Forensic Chemistry Laboratory of the National Institute of Criminalistics in Brasília. Before instrumental analysis, all samples were carefully homogenized by maceration.

  Infrared spectroscopy measurements

  The infrared spectra were obtained on a Nicolet iS10 FTIR spectrometer equipped with a triple reflection attenuated total reflectance SMART iTR accessory using a diamond crystal. The measurements were obtained in reflectance mode (R) with the accessory filled with a small amount of cocaine. The spectra were collected between 4000 and 400 cm–1 over 16 scans with a resolution of 4.0 cm–1.

  Gas chromatography with flame ionization detection (GC-FID) analysis

  GC-FID was used as the reference method. The cocaine content in the drug samples was determined by weighing an amount of 12.25 mg ± 0.25 mg of each homogenized sample and mixing thoroughly with 10.0 mL of an internal standard solution (diethylamine, 0.002 mL L–1 and dipentyl phthalate, 512 mg L–1 prepared in chloroform). Then, 1 mL of this solution was transferred to glass vials, sealed, and subjected to chromatographic separation.

  GC-FID analysis was performed on a gas chromatograph model 6890N (Agilent Technologies) equipped with a flame ionization detector and an autosampler 7683B Series (Agilent Technologies). The chromatographic conditions were as follows: injection volume of 0.2 mL; split ratio of 50:1; chromatographic column DB1-MS methyl siloxane (25 m × 200 µm [i.d. ] × 0.33 µm film thickness); injector temperature of 280 ºC, and detector temperature of 320 ºC. Helium was used as the carrier gas at a flow of 1.0 mL min–1. The oven temperature program was as follows: 150 ºC for 2 min, heat 40 ºC min–1 to 350 ºC, and hold at 350 ºC for 4.5 min, resulting in a 12 min chromatographic run.

  Multivariate model development

  The multivariate calibration method was developed based on partial least squares regression (PLSR). In PLSR, the original spectral variables are decomposed into latent variables in order to establish the best correlation between the instrumental measurements (spectral data matrix X) and the values of the interest property (vector y containing the reference values of cocaine concentration).14-16

  All sample spectra were imported into MATLAB® (version 7.12, R2011a) and the preprocessing and PLSR models were implemented using the PLS Toolbox® (version 6.5) from Eigenvector Technologies. Two independent regression models were developed. The first one was established using the data on a reflectance scale, while the second one utilized converted absorbance (Abs) data by means of the relation Abs = log10(1/R).

  To perform the calibration and validation of the models, the dataset was split respectively into 184 calibration and 91 validation samples selected by the Kennard-Stone algorithm.17

  In order to obtain the best prediction results, several pre-processing techniques were evaluated, specifically standard normal variate (SNV), orthogonal signal correction (OSC), first derivative, mean center, and their combinations. The selection of the best preprocessing method was made based on the root mean square error of calibration (RMSEC) and the mean error of cross validation (RMSECV) obtained by 92 continuous blocks.14,15

  After choosing the pre-processing method, the models were optimized by the elimination of outliers. Methods for outlier identification have been described in detail in several publications.15,16 In this work, outlier identification was performed as described in ASTM E1655-0518 and in the references published by Valderrama et al., based on data with extreme leverage, unmodeled residuals in spectral data and unmodeled residuals in the dependent variable, taking into account 99% confidence intervals.19 Initially, a first calibration model was built and the outliers were removed from the calibration samples; then the model was recalculated and the outlier identification and exclusion process was repeated. After two outlier exclusions, the third model was considered to be optimized. The validation set was evaluated with the optimized calibration model and the outliers were excluded by applying the same criteria used for the calibration model.

  Analytical figures of merit

  Trueness is the parameter that informs the degree of agreement between the reference and the estimated values by the proposed method.20 In average terms, it can be expressed as the root mean square error of prediction (RMSEP), which is an approximation of the average prediction error for the validation samples obtained from equation 1.21

  
    [image: Equation 1]

  

  where IV is the number of validation samples, while yi and ŷi are respectively the reference value and estimated value for the cocaine concentration for sample i. Another parameter used to measure the degree of agreement between the reference value and estimated value is the relative error of prediction (REP), which is determined by equation 2.21

  
    [image: Equation 2]

  

  The sensitivity (SEN) of the method determines the fraction of the analytical signal due to the increase in the concentration of a particular analyte in the unit concentration. The SEN was determined based on the regression coefficients of the PLSR model, according equation 3.21-23

  
    [image: Equation 3]

  

  where b is the vector of regression coefficients with A latent variables.

  The precision of the method measures the dispersion of estimated results for the interest property obtained from independent experiments which are repeated for a same sample under the defined conditions.24,25 Precision was determined according to equation 4. For this purpose, four different samples with concentrations regularly distributed along the linear range of the method, with 10 replicates each performed in the same day, were analyzed.

  
    [image: Equation 4]

  

  where I is the number of samples, m is the number of replicates, ŷi,j is the estimate concentration for sample i and replicate j, and [image: Caracter 1]i is the average concentration of the replicates for sample i.

  The minimum detectable concentration (MDC) is defined as the lowest concentration that can be reliably measured. The MDC can be determined by applying ISO 11843-2 recomendations.26,27 Ortiz et al. suggests that the proposed ISO 11843-2 calculation can be directly extended to multivariate cases.28 Thus, the MDC values were calculated as suggested by Ortiz et al. using equation 5.28

  
    [image: Equation 5]

  

  where s is the standard deviation of the residues for the linear regression between reference values and estimated values by the proposed method, b is the slope of the regression line, IC is the number of calibration samples, m is the number of replicates, ȳ is the median concentration in the calibration samples, δα,β,υ is the non-centrality parameter of the t distribution, α and β are the probabilities of occurrence for false negative and false positive errors, respectively, and v(MDC) = IC – 2 degrees of freedom. In this work, the two probabilities α and β were considered to be equal to 0.05 (95% confidence level). It should be noted that the MDC estimated by equation 5 might be considered as an average to all possible MDC for future test samples, since the detectablility of the PLSR model depends on the level of other background constituents.29

  The confidence intervals can be defined as a range, with a given degree of confidence (i.e., a certain probability) that the real value for the concentration of the analyte of interest is included. This can be determined by applying a residual distribution model (usually the normal distribution) and the estimated standard error of prediction (s(ŷ – y)), which are determined by equations 6 and 7, respectively.23,30
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  where α is the significance level equal to 0.05 (95% confidence level); tν,1-α/2 is the corresponding critical level for the Student's t distribution with ν pseudo degrees of freedom, determined as proposed by Van der Voet;31 MSEC is the mean square error estimated in the calibration samples with ν pseudo degrees of freedom; and hi is the leverage of the sample, estimated by equation 8.30

  
    [image: Equation 8]

  

  where ti and T are respectively the scores for sample i and for all the calibration samples, respectively.

   

  Results and Discussion 

  Figure 1 shows the ATR-FTIR spectra obtained for (a) cocaine hydrochloride standard and (b) all the calibration samples, expressed in reflectance units. According to Rodrigues et al., the spectral region that lies around 2540 cm–1 is characteristic of cocaine hydrochloride, attributed to the N–H stretching due to the hydrochloride salt formation.9 However, a high number of infrared signals is observed in the infrared spectra of the cocaine standard, most of them also present in the calibration samples. Several infrared bands may be nominated: 729, 1026 and 1071 cm–1 (corresponding to the out-of-plane bending and the mono substituted benzene stretching); 1105, 1265 and 1230 cm–1 (acetate C–O stretching); the bands between 1490-1460 cm–1 (C–H bending vibrations) and the bands at 1712 and 1728 cm–1 (stretching vibration of the two carbonyl groups). Furthermore, it is observed in Figure 1b a significant spectral variation in the data, which can be attributed to differences in cocaine content, the presence of diluting/adulterant agents, and instrumental variations.

  
    

    [image: Figure 1. ATR-FTIR spectra of (a) cocaine hydrochloride]

  

  In Figure 2, the regression vector of the PLSR model developed with reflectance data is presented. It can be observed that the regression coefficients with the highest absolute values correspond to wavenumbers between 500 and 800 cm–1 and between 1400 and 1800 cm–1. The last region can be attributed to the stretching vibration of the two carbonyl groups at 1728 and 1712 cm–1 and the C–H bending vibrations at 1490 and 1460 cm–1.

  
    

    [image: Figure 2. Regression coefficients for the PLSR]

  

  Table 1 shows the results for each PLSR model developed by excluding outliers and the variation of RMSEC and RMSEP values in these models. In both the reflectance and absorbance models, a significant decrease of the RMSEC values is observed after outlier exclusion. In addition, although some samples have been identified as outliers based on the leverage criterion in the third model (after the second exclusion), they were not excluded from the dataset since the ASTM E1655-05 indicates that the data may be presenting the "snowball effect". In these cases, the ASTM E1655-05 suggests that the leverage criterion can be relaxed provided that no calibration samples have a leverage greater than 0.5. In these datasets, the high leverage observed in the optimized models for the reflectance and absorbance data was 0.20 and 0.23, respectively.18
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  Table 1 also shows that when the model was built based on reflectance and absorbance measurements, 15.8% and 14.1% of the calibration samples and 7.7% and 6.6% of the validation samples were excluded, respectively. However, considering the high heterogeneity of the drug samples, the number of outliers excluded in the calibration and validation samples was considered to be acceptable in both optimized PLSR models. Samples identified as outliers were analyzed in detail to verify the reasons for their exclusion. More than 60% of the outliers were part of seizures carried out at least three years ago, which may be the cause of changes in some of the chemical characteristics of the sample.

  The results obtained for the figures of merit of the PLSR models are presented in Table 2. It can be observed that the average prediction errors (represented by RMSEC and RMSEP) were lower than 3.0% (m/m). For the samples presenting the lowest cocaine concentrations relative errors of approximately ± 20% were observed. However, considering all validation samples the average relative error was approximately 9% and 10% for the reflectance and absorbance models, respectively.
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  The linearity of the method was evaluated by the distributions and histograms of the residuas of the PLSR models, which are presented in Figure 3. Visually it is possible to verify the random behavior of these distributions. However, to verify the assumption of independence and normallity of the residuals it was applied the Jarque-Bera test.32 According to this test, with 95% of confidence, the normallity of the discributions cannot be rejected. Since the residual plot indicates the validity of the linear model, the fitting of a straight line relating reference versus estimated values can be used to estimate a correlation coefficient, slope and intercept. These parameters may then be used to express the goodness of fit of the PLSR models.
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  Figure 4 presents the dispersion graphics of the regressions between the reference and estimated values for both PLSR models. Good agreement was observed between the evaluated methods (GC-FID and FTIR), with correlation coefficients higher than 0.90 for both models. However, the results for the slope and the intercept of the regression line between the reference and estimated values for the cocaine concentration (presented in Table 2) shows that the PLSR model developed with the absorbance data present both constant and proportional systematic errors. This can be seen by the fact that the confidence intervals (with 95% confidence) do not contain the expected values of 1 and 0 for the slope and intercept, respectively. On the other hand, the model developed with the reflectance data showed no significant systematic errors. Therefore, both models showed comparable prediction errors, but taking into account the goodness of fit, only the PLSR model developed with reflectance values may be considered to have adequate trueness. This was an unexpected result since according the Beer-Lambert law, the data in the absorbance scale should provide a better relation with the analyte concentration. However, it should be noted that the Beer-Lambert law is strictly valid only for transmittance measurements.
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  The uncertainty of the PLSR models was estimated in accordance with Pierna et al..30 Considering this approach, it was found that, for both models, the average uncertainty was approximately 7%, with 95% confidence. A plot with confidence intervals for some validation samples is shown in Figure 5, which ilustrates the uncertainty of the results of the PLSR model developed with the reflectance data, and 95% confidence.

  
    

    [image: Figure 5. Confidence intervals for some validation samples]

  

  Precision at the repeatability level showed good results for both PLSR models, being approximately equal to 1.5% (m/m).

  The MDC estimates represent an important figure of merit for the method. The estimated MDC values for the reflectance and absorbance models were 12.8% and 11.6%, respectively, which indicates that the FTIR method is suitable for determining the concentrations of most seizures made by BFP.

   

  Conclusions

  The results show that the validated method based on the combination of the ATR-FTIR spectroscopic technique and PLSR allows for the direct determination of the hydrochloride cocaine concentration of drug samples seized in several Brazilian states.

  The method presented low absolute and relative average errors (lower than 3% (m/m) and 10%, respectively). Based on the quality of the fit, the model developed with the reflectance data was selected as the best model for determining cocaine hydrochloride concentration in drug samples.

  This method can be considered convenient and versatile since it has the ability to significantly reduce the time and cost of analysis with respect to chromatographic analysis. Additionally, it is more environmentally friendly as it does not generate any chemical residues. Although gas chromatography has been frequently used because it offers accurate results, infrared spectroscopy has shown similar precision, acceptable trueness and detection capability, and a wide linear range (35% to 99% (m/m)), which fulfills the requirements for its application in forensic laboratories.

  The proposed method allows for fast and accurate creation of criminal expert reports, thus contributing to the judiciary system and benefitting society.
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    A síntese de biodiesel foi realizada entre o ácido palmítico e o metanol em microemulsão reversa (w/o) preparada a partir da mistura de ácido dodecilbenzenossulfônico (DBSA)/isooctano/água. O planejamento Box-Behnken foi adotado para avaliar o efeito de importantes fatores que afetam o rendimento de palmitato de metila e a metodologia de superfície de resposta (RSM) foi empregada para descrever os parâmetros do processo de esterificação. Os resultados mostraram que as condições ideais para preparação do palmitato de metila foram: 3,33 w0 ([H2O]/[surfactante]), tempo de reação (4,2 h), razão molar 5:1 de metanol/ácido e concentração de lipase de 130 mg g-1 ([lipase]/[ácido]) obtendo-se nestas condições 98% de rendimento de biodiesel. As constantes cinéticas do modelo foram determinadas a partir de experimentos à temperatura de 40 ºC com concentrações iniciais de 0,025-0,25 mol L-1 de ácido palmítico e 0,025-0,3 mol L-1 de metanol no sistema de microemulsão. Os estudos cinéticos mostraram que a reação obedece ao mecanismo Ping-Pong bi-bi com inibição por metanol.

  

   

  
    The synthesis between palmitic acid and methanol was carried out in a w/o reverse microemulsion prepared from the mixture of dodecylbenzenesulfonic acid (DBSA)/isooctane/water. Box-Behnken design was adopted to evaluate the effect of significant factors on the methyl palmitate yield and response surface methodology (RSM), which was employed to optimize the process parameters in the esterification. The conditions that showed optimal results for methyl palmitate preparation were: 3.33 w0 ([H2O]/[surfactant]), 4.2 h reaction time, 5:1 methanol/acid molar ratio, and 130 mg g-1 lipase ([lipase]/[acid]) concentration. The following verification experiment obtained a result of 97% in almost total agreement with the expected value (98%). The kinetic constants of the model were determined by experiments at 40 ºC with initial concentrations of 0.025-0.25 mol L-1 palmitic acid and 0.025-0.3 mol L-1 methanol in the microemulsion system. The kinetic studies showed that the reaction obeyed the Ping-Pong bi-bi mechanism with inhibition by methanol.

    Keywords microemulsion, lipase, esterification, response surface methodology (RSM), inhibition

  

   

   

  Introduction

  Alternative fuels for diesel engines are becoming very important due to diminishing petroleum reserves, environmental deterioration by exhaust gases from petroleum-fueled engines, and increases in the crude oil prices.1,2 Fatty acid alkyl esters, also called biodiesel, are made from renewable resources such as vegetable oils and animal fats. These esters can significantly lower nitrogen oxide exhaust, emissions of particulate matter, and noxious gases such as NOx, CO and SOx.3-5 Thus biodiesel is environmentally friendly and shows great potential as an alternative liquid fuel.3

  Biodiesel can be produced by thermal cracking, esterification of fatty acids, or transesterification of oils and fats with short chain alcohols.6,7 Transesterification or esterification carried out by using different catalytic systems or in supercritical conditions are the most common methods for biodiesel production.8,9 The catalysts used for trans/esterification may be grouped in four categories: alkalines, acids, inorganic heterogeneous catalysts and enzymes.10 Out of these four, the alki or acid catalyzed processes are the most efficient with the shortest times and the highest yields.3 However, the high energy requirement, reactant consumption, complex treatment of glycerol, and potential pollution to the environment can not be ignored.11

  Utilization of lipase as a catalyst for biodiesel fuel production has a great potential of producing high yields in a short period of time without consuming as much energy or causing contamination like with the alkali and acid processes. In recent decades, an increased number of researchers have reported on its application.12-16 To maintain and improve enzymatic activity is key to biosynthesis and biotransformation. Lipases have the unique feature in that their enzyme activity occurs between the aqueous/organic phase. For this reason, their activity generally depends on the available interfacial area.17 Microemulsion (w/o) as a colloid dispersed system which contains an aqueous/organic phase is a suitable medium for enzyme-catalyzed reactions. The enzyme can be molecularly dispersed and entrapped in the polar core of the microemulsion avoiding direct contact with the organic solvent.18 Hence, the microstructures of lipases in the reaction media will be protected.19 The microemulsion containing mixtures of surfactant, water, and organic solvent is capable to solubilize nonpolar or polar substrates. Therefore, the reaction can occur with a large internal interface between the aqueous and organic phase.20

  In this study, lipase from Candida rugosa (CRL) was applied to catalyze the esterification of palmitic acid and methanol for biodidesel production. The reagents used were ideal for this experiment since palmitic acid is a common fatty acid that is widely distributed in nature while methanol is more cost efficient than other alcohols. The reaction was carried out in dodecylbenzenesulfonic acid (DBSA) w/o microemulsion and included the deduction of the reaction mechanism by kinetic modeling. Signal factors in the reaction such as time, methanol/acid molar ratio, w0, and lipase concentration were investigated to explore their effects on the esterification yield. Box-Behnken design and response surface methodology (RSM)21 were applied to optimize the esterification conditions to describe the effects and relationships of the main reaction variables to obtain optimum methyl palmitate yield.

   

  Experimential

  Materials

  Lipase from Candida rugosa was purchased from Sigma Aldrich. Palmitic acid and methanol (> 99.5%) were obtained from Qiangsheng (Jiangsu Province, PR China). All other chemicals used in the study were of analytical grade and used without further purification.

  Experiment design and statistical analysis

  The Software program Stat-Ease Design Expert (Version 6.0.5, Stat-Ease. Inc. , USA) was used in the statistical experimental design. Significant factors were picked out and RSM analysis was carried out employing a Box-Behnken design, which included 29 experiments of four variables at three levels (–1, 0, 1). This was done to evaluate the effect of those factors on the methyl palmitate yield of the subsequent reaction and determine the optimal conditions.22,23

  The experimental data was fitted to the quadratic polynomial model. The interaction between the variables was elucidated and the second-order polynomial equation for predicting the optimal point was given as shown in equation 1:

  
    [image: Equation 1]

  

  where Y (%) is the response value of esterification yield, Xi represents independent factors, and β0, βi, βii, βij are intercept, linear, quadratic and interaction constant coefficients, respectively. The accuracy and general ability of the quadratic polynomial equation was evaluated by the coefficient of determination (R2), and its regression coefficient significance was checked by a F test. The connection between the response and experimental levels of each factor was expressed visually as response surface curves and contour plots, by which the optimal point for each independent variable was deduced.

  Preparation of microemulsion and enzymatic catalysis

  The microemulsion system was formulated by mixing isooctane, water and DBSA in appropriate proportions at room temperature in a 50 mL round-bottom flask for a period of time until it became optically transparent and homogeneous. Due to the solubility difficulty of palmitic acid, some of the palmitic acid that was added to the flask was pre-incubated in a water-bath at 40 ºC with magnetic stirring. After the palmitic acid was dissolved, methanol and CRL were also added to the flask. Subsequently, the mixture was stirred for 4 h and the sample was gathered by adding n-caprylic alcohol to break the emulsion.

  GC analysis

  The yield of methyl palmitate was analyzed by gas chromatography (Agilent 6890N GC), equipped with a FID detector and HP-5 capillary column (30.0 m × 320 nm × 0.25 µm). A sample of 20 µL was drawn out and mixed with 280 µL of isooctane and 300 µL of a standard solution for GC analysis. The oven temperature was programed as follows: initially set at 50 ºC for 2 min, increased to 130 ºC at 5 ºC min-1 for 4 min, and then increased again to 300 ºC at 15 ºC min-1 and maintained at this temperature for 6 min. Nitrogen was used as the carrier gas at 500 kPa. The temperature of the injector and detector was set at 280 ºC and 300 ºC, respectively. The product was identified by comparing it with an authentic sample methyl palmitate (Aladdin). Methyl laureate (Aldrich) was used as internal standard for quantitative analysis.

   

  Results and Discussion

  Effect of water content w0

  Various w0 (defined as the molar ratio of water to surfactant) over a range from 2.3 to 3.5 were performed to prepare the microemulsion for catalyzing methyl palmitate production. The results are presented in Figure 1. The methyl palmitate yield increased gradually from 41% to 95% with the w0 increasing from 2.3 to 3.3. When the w0 further increased to 3.5, the methyl palmitate decreased to 53%. These results can be explained because when the w0 was below 3.3 the water content could not meet the lipase conformation requirements to maintain its catalytic activity in continuous reactions.24 With the increase of w0, the amount of water available for oil to form oil-water droplets increased, thereby increasing the available interfacial area and activating lipases which were beneficial for the methyl palmitate production.25 However, when the w0 was above 3.3 the coalescence of the emulsion water droplets would occur decreasing the interfacial area of the organic and aqueous layers. This had an inhibitory effect on the enzyme activity and disturbed the esterification by hydrolysis.26,27

  
    

    [image: Figure 1. Effect of w0 on esterification catalyzed]

  

  Effect of the molar ratio

  In order to research the optimal molar ratio of the alcohol to palmitic acid, the ratios from 1:1 to 8:1 were tested. On one hand, increase of methanol helped the reaction equilibrium move to the product side and improved the conversion of palmitic acid. On the other hand, when the alcohol was in excess, the conversion decreased due to do inhibitory reasons. This is observed (Figure 2), with the increase of molar ratios of methanol to acid. At first, an increase of esterification yield is noticed before the yield subsequently decreased for this reaction. A maximum yield of 94% was acquired at a molar ratio of 4:1. The decrease of yield of methyl palmitate when the methanol concentration was high could be attributed to the inhibitory effect of methanol on the biocatalyst leading to a decline of active centers in the entire volume of the solution.
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  Effect of time

  The influence of reaction time in the range of 1-5 h was examined along with comparing DBSA microemulsion with and without lipase as a catalyst. As seen in Figure 3, obviously DBSA microemulsion with lipase exhibited the maximal reaction rate in a short period of time. The yield of methyl palmitate in DBSA microemulsion with lipase was much higher than DBSA system without lipase by nearly 70% at 4 h. After that, the percentage of conversion did not show any significant difference. The equilibrium time was reached within 4 h.
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  Effect of concentration of lipase

  The concentration of enzyme played a vital role in the esterification reaction. The reaction rate increased with the increasing concentration of enzyme. However, superfluous lipase might also have a negative effect and its industrial production cost is high. Thus, the optimum concentration of lipase was studied and results listed in Figure 4. From Figure 4, it was found that the yield of methyl palmitate increased with the increasing lipase concentration. The maximal yield of methyl palmitate (94%) was obtained at lipase concentration of 120 mg g-1. When the lipase concentration was over 120 mg g-1, the yield of methyl palmitate decreased slightly. This is due to the excess lipase aggregated with each other causing the active sites of the lipase to be less exposed to the substrates which hindered the full contact of individual lipase macromolecules with reactants.28-30

  Study on different reaction system
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  The yields of methyl palmitate in different reaction systems are presented in Figure 5. It was determined that DBSA/isooctane/water microemulsion system achieved the best results. There was a tiny decrease between isooctane and n-heptane and a major decrease between cyclohexane and n-hexane. A possible explanation for these results was the difference in the molecular structure of the organic media used. n-heptane and n-hexane are straight, short-chain alkanes which can embed in the interfacial septum formed by the DBSA molecules. The hydrocarbons can then form an additional layer in the interfacial membrane.31 Penetration of the mostly saturated hydrocarbons into the surfactant layer of the microemulsion impedes the contact and/or interaction between lipase and its substrates resulting in a smaller product yield.32 In addition, the log P-value of the solvent also has a little effect on the yield, as the log P-value of the solvent increases the extent of esterification yield.33 Therefore, there was a subtle drop in esterification yield when n-heptane (logP-value 4.0) was replaced by n-hexane (logP-value 3.5). Cyclohexane has an unique ring structure that does not have a proper structure to penetrate the DBSA interfacial membrane. Thus, lipase activities in the n-heptane, cyclohexane, and n-hexane medias were considerably lower compared with the lipase activity in isooctane. The biocatalysis in microemulsion had an organic-solvent dependency.31 Thus, isooctane was the preferable organic phase in the DBSA microemulsion system in further research.
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  Optimization of the reaction conditions

  A three-level four-factor Box-Behnken experimental design and RSM were employed to study this reaction. According to the results of the single factor tests, w0, reaction time, reactant ratio, and lipase concentration were proven to have significant effects on yield of methyl palmitate. Thus, RSM was used based on these four independent factors. In total, 29 experiments were required with each experiment performed in triplicate. The experimental design and results are presented in Tables S1 and S2. As can be seen, the yield of methyl palmitate ranged from 69 to 98% and the design points of run 14 and run 29 gave the minimum and maximum yields, respectively.

  The standard analysis of ANOVA indicated that the model was significant. The model F-value of 24.58 and a low probability P (< 0.0001) implied that the model was significantly suitable. The "lack of fit F-value" of 3.26 demonstrated that the lack of fit was not significantly relative to the pure error. There was a 13% chance that a "lack of fit F-value" could occur due to noise. The coefficient of determination (R2) of the model was 96%, which indicated a good accuracy and a general fitness of the polynomial model, and the response trends could be analyzed by with this model. Regression coefficients of the predicted quadratic polynomial model are shown in Table 1.
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  The experimental data was well qualified for the model equation which could be expressed as follows:

  
    [image: Equation 2]

  

  where X1, X2, X3 and X4 were the coded values of the test variables w0, reaction time, alcohol/acid mole ratio, and lipase concentration respectively and Y was the response of yield of methyl palmitate. Equation 2 indicated that linear terms X2, X3, X4 and quadratic terms X1·X2, X1·X3, X1·X4, X2·X3, X2·X4, X3·X4 (positive coefficients) had positive effects on the increase of Y. However, X1, as well as X12; X22, X32 and X42 had negative effects. Thus, both the linear effect between the independent variables and the interaction between the four independent factors were significant.

  The interaction between corresponding factors was reflected by the shape of the contour lines. Response surface contour plots obtained from the predicted model are shown in Figure 6, which displays the effects of four independent factors and various composites on the esterification yield.
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  The variation of yield of methyl palmitate with w0, reaction time, alcohol/acid molar ratio and lipase concentration are given in Figure 6a, Figure 6b and Figure 6c, respectively. When the w0 was kept at 3.3, an increase in methyl palmitate yield was observed with the increase of reaction time and alcohol/acid molar ratio initially. However, the trend reversed when the reaction time, alcohol/acid molar ratio, and lipase concentration surpassed a certain value. For the reaction time, yield increased until reaching 4 hours when equilibrium was obtained. In addition, both the alcohol/acid molar ratio and lipase concentration improved the reaction rate of esterification initially. However, when the alcohol/acid molar ratio and lipase concentration exceeded 4:1 or a 120 mg g–1 value respectively, the trend reversed because too much methanol caused lipase denaturation and superfluous lipase aggregated. As can be seen in Figure 6c, the interaction effect of w0 and lipase concentration on production of methyl palmitate was significant.

  The interaction of reaction time and lipase concentration on methyl ester synthesis was presented in Figure 6e. Compared with other contour lines, they were rounded which meant the interaction effect of these two factors was insignificant. Figure 6d presented a contour plot of the effect of reaction time and alcohol/acid molar ratio of the reaction. Figure 6f presented the effect of alcohol/acid molar ratio and lipase concentration on the reaction. From the analysis of the response surface, reaction time, alcohol/acid molar ratio, and lipase concentration had a significant effect on the response surface. In comparison to reaction time and lipase concentration, alcohol/acid molar ratio was more significant. At first, the conversion of palmitic acid increased with increasing alcohol/acid molar ratio, which reflected a general effect of ascending reaction time on the reaction. Subsequently, the yield of methyl palmitate emerged a peak with a maximum value and declined. The cause could be explained because the activation center of lipase potentally is damaged by methanol in the reaction, but becasue the methanol was dissolved in the microemulsion system due to it being in low enough concentration (methanol/acid molar ratio = 4:1) no lipase damage occured and the reaction rate was accelerated.

  Validation of the model

  According to the reaction result, the regression model showed a perfect fitness for the esterification yield. The optimal reaction parameters evaluated from the regression model (equation 2) were as follows: 3.327 w0, 4.21 h reaction time, 4.78:1 methanol/acid molar ratio and 129.2 mg g–1 lipase concentration. Three parallel experiments were conducted under the model optimal conditions of 3.33 w0 ([H2O]/[surfactant]), 4.2 h reaction time, 5:1 methanol/acid molar ratio, 130 mg g–1 lipase concentration and the average yield of methyl palmitate was 97%, which was consistent with the predicted value (98%). For this reason, the regression model was considered to be effective and accurate to predict the yield of methyl palmitate.

  Kinetic study

  During the study of molar ratio, there was a decrease of the conversion with the excess methanol. So the effect of concentration of methanol and palmitic acid on the rate of reaction was researched systematically. For determination of initial rates of esterification, the concentration of the methanol varying from 0.025 to 0.3 mol L–1, a palmitic acid concentration between 0.025-0.25 mol, and 130 mg g–1 Candida rugosa lipase were adopted in the microemulsion system. The initial rates were determined from the quantified data.

  The double reciprocal (Lineweaver-Burk) plot of the initial velocity vs. methanol concentrations at several palmitic acid concentrations is shown in Figure 7. The rate of reaction increased with the increasing concentration of methanol at constant concentration of palmitic acid. When it reached the maximum at critical concentration any further increase in methanol concentration caused the reaction rate to decrease and thus the substrate inhibition was notable. The Lineweaver Burk plot 1/r0 versus 1/[P0] for varied initial concentrations of methanol gives parallel lines (Figure 7), where r0 is the initial rate of reaction and [M0] is the initial concentration of methanol. When one of the reactants forms a complex with the lipase that can participate in the reaction, it is called Ping-Pong bi-bi with dead end inhibition.34 Figure 7 showed that the results were in accord with the Ping-Pong bi-bi mechanism which was postulated with dead end alcohol inhibition. This mechanism is depicted below in Cleland's notation:35
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  where P and M are the substrates palmitic acid and methanol, W and Q are the products water and methyl palmitate, E and EA are the free lipase and modified lipase, EP and EM are the lipase-palmitic acid complex and lipase-methanol dead-end complex, and EAM and EQ are the modified lipase-methanol complex and the lipase-methyl palmitate complex. The rate equation of the esterification reaction is as follows:

  
    [image: Equation 3]

  

  where v0 is the initial rate of reaction, vmax is the maximum rate, [P] and [M] are the initial substrate concentrations palmitic acid and methanol, KmP is the Michaelis constant for palmitic acid, KmM is the Michaelis constant for methanol, and Ki is the inhibition constant due to methanol.

  To verify the application of Ping-Pong bi-bi mechanism, the data was calculated (FigureS1 and FigureS2 Supplementary Information) and the kinetic parameters determined for above mechanism were obtained as: vmax = 1.55 × 10-5 mol (L min mg)-1, KmP = 0.10221 mol L-1, KmM = 0.1612 mol L-1, Ki = 0.1083 mol L-1. The experiment parameters gave a straight line passing through the origin with a good correlation coefficient.

   

  Conclusions

  In this study, RSM was employed to optimize methyl palmitate preparation conditions of methanol and palmitic acid catalyzed by the lipase from Candida rugosa in a DBSA microemulsion system. The results showed that there was a high consistency between the predicted and experimental values. By vibration test, a methyl palmitate yield of 97% was obtained under the model optimal conditions: w0 3.33, reaction time 4.2 h, methanol/acid molar ratio 5:1, lipase concentration 130 mg g-1, which was in almost total agreement with the expected value (98%). Data for the lipase catalysis in w/o microemulsions supports that this esterification reaction's mechanism was the Ping-Pong bi-bi mechanism.
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    É altamente desejável desenvolver testes analíticos com resultados de elevada qualidade e reduzir o tempo que é utilizado para esta finalidade. Neste contexto, um novo método de metilação de ácidos graxos assistido por ultra-som, rápido e eficiente para obtenção de ésteres com melhor qualidade para análise de alimentos, foi otimizado e validado através da aplicação da metodologia de superfície de resposta, sendo obtido um tempo de esterificação ideal de 11,72 min, 71% mais rápido do que o melhor método, que é comumente utilizado para esta finalidade. O novo processo de metanólise pode ser eficazmente aplicado a amostras com ácidos graxos livres e os teores de umidade superior a 10 e 5%, respectivamente, sem o risco de oxidação de compostos durante o processo.

  

   

  
    Actually, it is highly desirable to develop analytical assays with high quality results, while reducing the amount of time which is used for this finality. In this context, a new, fast and efficient ultrasound-assisted fatty acid methylation method, specially focused to obtain esters with better quality for food analysis, was optimized and validated through the application of response surface methodology, and an optimum esterification time of 11.72 min was achieved, 71% faster than the best method which is commonly used for this purpose. The new methanolysis procedure can be effectively applied to samples with free fatty acid and moisture contents up to 10 and 5% m/v, respectively, without risks of compound oxidation during the process.

    Keywords: ultrasound, fatty acids, esterification, food analysis

  

   

   

  Introduction

  Every food possesses a characteristic fatty acid (FA) composition. Such particularity may be used as a fraud indicator in many food products, such as vegetable oils, butter and milk.1 Fatty acids are present in foods mainly bonded to glycerol molecules, as triacylglycerols (TAG). In order to analyze them, the following set of procedures is frequently used: first, the lipidic material is extracted from a food matrix, and then it is derivatized through transesterification. The obtained fatty acid methyl esters (FAME) are analyzed in a gas chromatograph coupled with a flame ionization detector (FID).2

  Over the years, a great number of methods for FAME preparation were developed. Among them, the ones which employ homogeneous catalysts in methanol are the most used: NaOH, NaOCH3,3,4 HCl, H2SO4 or BF3.5-9 Alkaline homogeneous catalysts normally lead to high FAME yields in a short amount of time and without heating.10 However, for samples with free fatty acid (FFA) and/or moisture contents greater than 1% and 0.5% (wt/wt), respectively, the saponification process occurs, reducing total FAME yield.11 For this sample type, it is recommended the use of acid homogeneous catalysts, although they often demand higher reaction temperatures and longer reaction times.12 Due to these reasons, it was proposed the use of methylation methods, which combined alkaline and acid homogeneous catalysts. Among these methods, the assay proposed by Joseph and Ackman8 is the most employed for food analysis, and it uses NaOH/MeOH in the alkaline step and BF3/MeOH in the acid step.13

  However, Fulk and Shorb14 reported that BF3 produces artifacts during methylation of polyunsaturated fatty acids (PUFA), due to heating in acid medium. Besides, BF3 possesses high toxicity. Several works in biodiesel area studied the methylation of animal fats and vegetable oils with low frequency of ultrasound (20-40 kHz), which removes the need of system heating.15-17 However, no author has ever explored the use of ultrasound for the achievement of methyl esters with good purity/quality for food analysis. In this context, the response surface methodology (RSM) is very useful for optimizing the kind of process cited above, because it allows to evaluate the individual influence of reaction factors over the desired response, and to search if exist negative or positive interactions between such factors, always aiming to obtain a mathematical model which describes the chemical process in question.18

  Thus, the objective of this work was to develop a simple, fast and efficient fatty acid methylation method with minimal ester oxidation, through the combination of alkaline and acid catalyst, low frequency ultrasound, and RSM.

   

  Experimental

  Samples

  Refined soybean oil was used for the method development/optimization, because it is a sample without interferents and with high TAG/PUFA amounts. The oil, with no additives, was donated by Cocamar enterprise, located in the city of Maringá, Paraná state, Brazil.

  The developed method was applied to a sardine sample (Sardinella brasiliensis), because sardines normally possess high PUFA concentrations. Approximately 500 g of fish were eviscerated and trimmed, while the remaining fillets were crushed, homogenized and submitted to total lipid extraction through Bleigh and Dyer19 method.

  The method accuracy was evaluated through its application in fatty acid analysis of three different brands of fish oil capsules, and the obtained results were compared to the values from their labels.

  Chemical reagents

  The reference standards: mono-, di- and triolein, tricaprin, methyl tricosanoate and a FAME standard mix (189-19), all with purity > 99%, were acquired from Sigma-Aldrich. The reagents: methanol, n-hexane, sulfuric acid, solution of 14% boron trifluoride (BF3) in methanol, ammonium chloride and sodium hydroxide were of analytical grade and was purchased from Merck (Rio de Janeiro, Brazil).

  The ultrasound vat (from Cristofoli brand) which was used in experiments has the following dimensions: 26.4 cm (length), 16.4 cm (width), 8 cm (depth), 42 kHz (frequency) and 160 W (power).

  Acid index

  Total FFA content of oil sample was determined according with the official method from Instituto Adolfo Lutz.20

  Peroxide index

  Peroxide indexes from samples after methylation process were determined according with AOCS Cd 8-53.21

  Experimental design

  The suitability of radiation in ultrasound frequency (42 kHz) as energy source for FA methylation reactions was evaluated. After optimization and validation, comparative assays were done between our new method and the methodology proposed by Joseph and Ackman8 with fifteen replicates of total lipids from Sardinella brasiliensis.

  Delimitation of factors

  The influence of independent variables (Table 1) in function of FAME yield was evaluated through employment of a central composite rotary design, applicable to RSM, with five levels and two variables, totalizing 21 experiments: four factorial points, four axial points (both in duplicate) and five central points. The chosen intervals and variables were previously defined by use of Hatmann and Lago9 methodology.
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  Developed method

  Approximately 25 ± 0.1 mg of oil sample were inserted in a screw-capped test tube. Then, 250 µL of linoleic acid solution in chloroform (10 mg mL–1, with around 10% m/v of FFA) were added. The entire system was diluted with distilled water until a final concentration of 5% m/m. It is important to cite that the additions of water and linoleic acid which were describe above are solely for the purpose of simulating a sample with high amounts of FFA and moisture exclusively for method optimization step. Other samples do not need to follow these two steps.

  Then, 4 mL of a NaOH solution in methanol (0.5 mol L–1) were further added, then the tube was closed and placed in a ultrasound vat (containing 2% of common neutral detergent in water, to reduce surface tension) at room temperature (25 ºC) according with T1 time from experimental design (Table 1). After that time, the tube was removed from ultrasound vat and 5 mL of esterifying reagent: [prepared with a mixture composed of (A) 2 g ammonium chloride, (B) 60 mL methanol and (C) 3 mL concentrated sulfuric acid which was refluxed for 15 min] were added. Reaction tube was once again closed, placed in the vat and let to react according with T2 time of experimental design (Table 1). Then, the tube was definitely removed from vat, 4 mL of saturated sodium chloride solution were added and the entire system was closed and vigorously stirred by 30 s. Two milliliters of n-hexane were added in order to create two phases (one organic and other aqueous), and, therefore, achieve a liquid-liquid FAME extraction. The tube was closed again and shaken by 30 s for the last time. After 24 h of rest under –18ºC, the organic phase (upper layer) of tube was collected for chromatographic analysis. From now on, this entire method will be called "A".

  It is important to mention that T1 and T2 times from experimental design (Table 1) were only used during the optimization of method A. For FAME determination of an unknown lipid sample, the optimized T1 and T2 times

  Chromatographic analysis

  Fatty acids methyl esters were separated in a gas chromatograph from Thermo brand, model 3300, equipped with a flame ionization detector, automatic injector and a capillary column of fused silica CP-7420 SELECT-FAME (100% bonded cyanopropyl, 100 m length, 0.25 mm internal diameter and 0.39 µm of stationary phase). Injector and column temperatures were 230 and 240 ºC, respectively. Initially, the column temperature was maintained at 165 ºC for 18 min. Then, it was raised to 235 ºC, at a rate of 4 ºC min-1. Total chromatographic run time was 32.5 min. The flow rates for the carrier (H2), auxiliary (N2) and detector flame (H2 and synthetic air) gases (high purity from White Martins, Brazil) were 1.2 mL min-1, 30 mL min-1, 30 mL min-1 and 300 mL min-1, respectively. Sample split ratio was 1/80. For identification, FAME retention times were compared with the standards from Sigma-Aldrich (Sigma, St. Louis, MO). Retention times and peak area percentages were automatically processed through the Chromquest 5.0 software. The FAs from soybean oil and total lipids from sardine, both after methylation, were quantified in mg g-1 of total lipids through internal standard calibration, using methyl tricosanoate as internal standard.2

  For soybean oil the percentages of monoacylglycerols (MAG), diacylglycerols (DAG), and triacylglycerols were also determined using a Thermo TRACE CG Ultra gas chromatograph, equipped with programmed temperature vaporizing (PTV) injector and autosampler. The analysis was done according to method proposed by Prados et al..22

  Statistical analysis

  The experimental results were analyzed through a response surface methodology generated by the Design-Expert 7.1 software (Stat-Ease Inc. , USA). The response was adjusted to the factors through multiple regression. Model fit quality was evaluated by variance analysis and determination coefficients. The quadratic model was adjusted with the following equation:

  
    [image: Equation 1]

  

  where: Y: response factor (reactional yield of FAME in mg g-1 of total lipids); [image: Caracter 1]i: ith independent factor; β0: intercept; βi: first order coefficient of the model; βii: quadratic coefficient of i factor; βij: linear coefficient of the model for interaction between i and j factors; ε:experimental error attributed to Y.

   

  Results and Discussion

  Soybean oil characterization

  Chemical parameters, such as acid index (AI), and MAG/DAG/TAG contents were evaluated in the soybean oil which was used for optimize the methylation reaction, and the results are expressed in Table 2.
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  The soybean oil used for optimization was suitable for application in the experiments of this work. It showed lower AI values than the stipulated by National Health Surveillance Agency (ANVISA) (max: 1 mg KOH g-1 sample)23 resolution. TAG content [98.36% (wt/wt)] is in accordance with Jakab, Héberger, Forgács,24 which reported a TAG content of approximately 97% for refined vegetable oils.

  Development of the regression model

  The experimental design for soybean oil FAMEs can be observed at Table 3.
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  The yield response was applied to multiple regression analysis and, among the models which were indicated by the software (linear, two factor interaction (2FI), polynomial quadratic and cubic), the quadratic one was selected as the most adequate because it possesses a high significance order.25 Thus, the yield model which was adjusted based in the actual values in function of the studied variables, is shown in the equation 2.

  
    [image: Equation 2]

  

  where: Y: response factor (reaction yield of FAME in mg g-1 of total lipids); Xn: independent variables (XT1, XT2) (Table 1).

  Positive signal indicates synergic effect in the yield increase and negative signal indicates antagonic effect, as described by Neto et al.25

  The analysis of variance (ANOVA) results, which were achieved in order to determine the quadratic model significance, the significant effect of each term and their interactions on the obtained responses, are shown in Table 4.
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  The obtained value for the determination coefficient (R2 = 0.9632 indicates that 96.32% of the experimental response variability can be explained by the previously discussed model (equation 2). The model's regression F-value (104.58), with p-value < 0.0001, implies that it is significant at 95% confidence, because p value is employed as a tool to verify the significance of each coefficient and indicate their interaction effects. If a p-value is low, then the significance of the corresponding coefficient is high.25

  In the case of models terms, p-values lower than 0.05 indicates that they are statistically significant at 95% trust level.

  The low value which was found for the variation coefficient (CV = 6.79%) indicated a high precision degree of the experimental values.25 The lack of fit with p-value of 0.2771 indicates that it is not significant, confirming that the model explains well the experimental data in the chosen interval.

  Another form to evaluate the model fit efficiency is to verify the graphic of predicted versus observed values for the response of interest (Figure 1). If the points are closer to the regression line, better the model will be, and graphic of predicted values versus internally studentized residuals (Figure 2).
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  Parameters evaluation

  According to Table 3, it was verified that investigated variables showed significant effect at 95% trust level in FAME production. According to Figure 3, it can be verified how these variables influence such yield. From now on, every place when the unit mg g-1 is mentioned, it refers to mg g-1 of total lipids (TL).
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  The reaction times after addition of alkaline catalyst (T1) and acid catalyst (T2) does not possess significant interaction. However, it can be verified at Figure 3a their influences on FAME yield of methylation reactions. In low reaction times (T1 and T2 of 2 min) such yield is low (lower than 495 mg g-1). However, if T2 is maintained at its lowest limit (2 min), and T1 is raised, FAME yield greatly increases beyond 805 mg g-1. This happened because NaOH in MeOH was used as catalyst during T1, since it leads to faster reactions.26,27 However, this conversion rate still is not the ideal, because of the high amounts of FFA (10% wt/wt) and moisture (5% wt/wt) which are present in the system: in these conditions saponification reactions of TAGs and FFAs also occur. This may be verified when T1 is kept on the superior level (5 min) and T2 is gradually increased. Thus, FAME yield also increased until maximum level, close to 960 mg g-1, which is obtained in 10 min. This can be justified due to the acid catalyst used in T2, since in this step the saponified fatty acids are also converted to FAME.

  In Figure 3b these trends may be better visualized, since it shows the contour surface graph of interaction between T1 and T2 regarding FAME.

  According to Figure 3c, it may be verified the quadratic effect of T1 in relation to FAME from reactions, and it is crescent until 5 min, leading to a maximum FAME yield of 805 mg g-1, by the previously discussed motives.

  In Figure 3d, the quadratic effect of T2 in relation to FAME from reactions is shown, being crescent until 10 min, generating a maximum FAME yield lower than 495 mg g-1. This happens because acid catalysts normally demand greater reaction times and temperatures in order to achieve good values of yield.

  Optimization of methyl esters yield and model validation

  Through the experiments of Table 3, it may be verified that soybean oil FAME varied from 342.40 to 955.90 mg g-1. However, a yield of 955.54 mg g-1 was obtained in a T2 of 6 min, this time is 40% lower than the required for achieve the yield of 955.90 mg g-1. This interval was evaluated in order to determine the optimal conditions for maximize FAME yield.

  These conditions were validated by applying them to three independent experiments. The parameters were: 5.59 and 6.13 min for reaction times after addition of alkaline and acid catalysts, respectively, with and predicted FAME yield of 967.39 mg g-1.

  The obtained yield was 962.01 mg g-1. This empirical value is in accordance with the one predicted by the model (CV = 6.49%), demonstrating that this model can be used for prediction of yields in the studied interval.

  Closer values of FAME (966 mg g-1) were obtained by Zara et al. ,28 upon optimizing methylation of soybean oil with microwaves in substitution of heating in conventional bath for Joseph and Ackman8 method. However, this is an expensive methodology, and a conventional microwave oven can increase risks regarding physical integrity of the analyst when executing such reactions.

  Milinski et al.29 compared the efficiency of eight methylation methods for soybean, flaxseed and palm oils, and the method of Joseph and Ackman8 was determined as the most efficient for oils with high amounts of FFA. However, besides the previously mentioned disadvantages, it possesses a longer reaction time (40 min) when compared to the "A" method (11.72 min = 71% faster).

  Application of the developed method

  In order to check the suitability of "A" method for total lipid of Sardinella brasiliensis, results were compared by methylating the lipids from the same sample lot through A and Joseph and Ackman8 methods. Results are expressed in Table 5. Other procedures were not taken under consideration for this comparison study because, as mentioned before, Milinski et al.29 concluded that Joseph and Ackman8 assay showed the best results for samples with high amounts of moisture and FFAs (the same type of sample which was used for "A" method development).
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  Both methods did not show significant differences regarding sum of FAME, demonstrating that the "A" method was applied with success for methylation of fish samples with high amounts of PUFA.

  The obtained FAME sum is close to the determined by Carbonera et al. ,30 (867.99 to 891.77 mg g-1) after analyzing fatty acids of tilapia fillets through Joseph and Ackman8 assay.

  The formation of peroxides was evaluated after the derivatization process, for both methods, which were studied in this work. With A method, peroxides were not detected, while in the case of Joseph and Ackman8 68.05 ± 0.08 mEq kg-1 of peroxides were quantified. Such peroxide formation might have occurred due to heating at 100 ºC for 30 min, an intrinsic procedure from this method.

  The accuracy of the "A" method was determined upon analysis of samples from three different brands of fish oil capsules. Such results are shown in Table 6.
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  Results showed a great percentage of recovery (> 90%), indicating that the "A" method may be applied for an efficient determination of fatty acids in fish oil samples.

   

  Conclusion

  According to RSM, it was achieved the optimization and validation of a new, fast and efficient fatty acid methylation method. Total optimized time was 11.72 min: 5.59 min of sonication after addition of NaOH solution and 6.13 min of sonication after addition of esterifying reagent. The new method can be applied, in an efficient manner, to samples with high concentrations of FFAs and moisture (10 and 5% wt/wt, respectively), without concerns about product oxidation during the entire process. Thus, the "A" assay arises as an interesting alternative that may be used by food/analytical chemists worldwide for routine determinations of fatty acids from food samples.
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    Diferentes sorventes sólidos modificados com surfactantes foram investigados comparativamente para a retenção de pesticidas carbamato em solução aquosa. Três sorventes modificados, incluindo alumina tratada com dodecil sulfato de sódio (SDS), sílica revestida com brometo de cetil trimetil amônio (CTAB) e zeólita revestida com CTAB foram preparados usando diferentes concentrações de surfactante. Os pesticidas carbamato estudados incluíram oxamil, metomil, aldicarb, carbofurano, carbaril, isoprocarb, metiocarb, promecarb e carbosulfano e foram analisados por cromatografia líquida de alta eficiência (HPLC) com UV. A adsorção de pesticidas carbamato (faixa de concentração de 0,5-5,0 mg L–1) nos sorventes modificados com surfactante, seguiu regressão linear com os coeficientes de correlação na faixa de 0,857-0,995. A zeólita modificada com CTAB apresentou alta captação para carbofurano, carbaril, metiocarb e carbosulfano. Alumina modificada com SDS demonstrou alta captação de carbaril, isoprocarb, metiocarb, promecarb e carbosulfano. Sílica modificada com CTAB apresentou alta captação de metiocarb, promecarb e carbosulfano. A dessorção dos pesticidas de carbamato dos sorventes modificados com surfactantes usando metanol foram melhores que as obtidas dos sorventes não modificados. O estudo provou que os sorventes modificados com surfactantes são efetivos para a extração de pesticidas carbamato.

  

   

  
    Different surfactant-modified solid sorbents have been comparatively investigated for retention of carbamate pesticides in aqueous solution. Three modified-sorbents, including sodium dodecyl sulfate (SDS) treated alumina, cetyltrimethyl ammonium bromide (CTAB) coated silica and CTAB coated zeolite, were created using different surfactant concentrations. The studied carbamate pesticides including oxamyl, methomyl, aldicarb, carbofuran, carbaryl, isoprocarb, methiocarb, promecarb and carbosulfan were analyzed by HPLC/UV. Adsorption of all carbamate pesticides (concentration range between 0.5-5.0 mg L–1) onto surfactant-modified sorbents followed linear regressions with the correlation coefficients in the range of 0.857-0.995. CTAB-modified zeolite showed high uptake values for carbofuran, carbaryl, methiocarb and carbosulfan. SDS-modified alumina demonstrated high uptake values for carbaryl, isoprocarb, methiocarb, promecarb and carbosulfan. CTAB-modified silica gave high uptake values for methiocarb, promecarb and carbosulfan. Desorption of carbamate pesticides from surfactant-modified sorbents using methanol were better than that obtained from unmodified sorbents. The study clearly proved that the surfactant-modified sorbents are effective for carbamate pesticides extraction.

    Keywords: surfactant-modified sorbent, carbamate pesticides, sorption, retention

  

   

   

  Introduction

  Carbamates are one of the major persistent organic pesticides widely used in agriculture to protect a variety of crops. They are suspected carcinogens and mutagens since they are acetylcholinesterase inhibitor, which is the enzyme responsible for the hydrolysis of acetylcholine.1 Solid phase extraction (SPE) using a variety of solid sorbents, i.e. , C18, graphene-based magnetic nanocomposite, has been reported for preconcentration of carbamate pesticides prior to their analysis.2-4 However, development or modification of new solid sorbents with the possibility of extracting the target compounds with high capacity, quantitative sorption and elution, regenerability and cost effectiveness, is of great interest.

  Recently, surfactants have been frequently used to modify several solid sorbents, such as clay,5 alumina,6-9 zeolite,10-12 silica13-15 and magnetic nanoparticle,16,17 since it can form self-aggregates on solid surfaces. At surfactant concentration below its critical micelle concentration (CMC), monolayers or hemimicelles are formed, while bilayers or admicelles are formed when surfactant concentration is higher than the CMC. Hemimicelles, admicelles or mixed hemimicelles/admicelles are created on solid surfaces depending on surfactant concentration.8,18,19 The modification of sorbent with surfactant has been performed to alter sorption ability of sorbent. The surfactant-modified sorbents are widely applied for organic compound sorption, as their surfactant aggregates are able to solubilize a wide variety of organic compounds.19-21

  Anionic surfactant-modified alumina has been widely studied since alumina has high surface area with positive charge at the solution pH below its point of zero charge, and anionic surfactants such as sodium dodecyl sulfate (SDS) can adsorb onto alumina surface. Unmodified alumina has low sorption ability for organic compounds due to its low hydrophobicity. The affinity for organic compounds is increased when it is coated with SDS. SDS-γ-alumina admicelles have been investigated for concentrating traces of chlorophenols in water. It pointed out that chlorophenols were concentrated onto the admicelles. The sorption capability of chlorophenols found was also increased with increasing their hydrophobicity.6 Application of SDS-treated alumina for removal of herbicides from water has also been reported, and the enhancement in sorption of herbicides on surfactant treated alumina was observed.9

  The cationic surfactant is effectively adsorbed onto silica surface because of negative charges on silica surface; therefore, silica gel was used as sorbent for removal of cationic surfactant from industrial waste water.22 Furthermore, surfactant was used to modify properties of silica surface. The property of silica nanoparticles modified with cationic surfactant has been studied. It has been demonstrated that cationic surfactant formed bilayers on the silica surface.13 Surfactant-coated silica has been applied for phenanthrene partitioning.15 It was investigated for protein purification and found to be efficient media for protein separation as well.14

  Cetyltrimethyl ammonium bromide (CTAB) is regularly used since the CTAB-modified zeolite can have both hydrophilic and hydrophobic phases, thus, it can be applied to wildly groups of target compounds. For example, CTAB-modified zeolite was proposed for sorption of perchloroethylene. Perchloroethylene sorption was affected by the bound surfactant molecule configuration and the faction organic carbon content.10 Also, surfactant-modified zeolite has been employed for removal of water contaminants, including nitrate, humic acid, ionizable phenolic compounds and non-ionizable organic compounds.11,12,23,24

  In this study, inorganic solid supports, which normally are used as sorbent materials, including silica, alumina and zeolite, were modified with surfactants to improve their sorption capability for organic compounds. Selection of surfactants depended on the nature of solid surfaces. We selected surfactant-sorbent systems that have been reported for sorption of organic substances. Anywise, application of these systems for pesticide residues should be remarked. Mixture of nine carbamate pesticides was used as model analytes since we intended analysis of pesticide residues in environmental samples. Adsorption and desorption of carbamate pesticides onto surfactant-modified sorbents were investigated. Three different surfactant-modified sorbents were prepared, including SDS-modified alumina, CTAB-modified silica and CTAB-modified zeolite. The effect of surfactant concentration on pesticide sorption was studied as well. The performance of three sorbents for retention of each carbamate was comparatively investigated. To the best of our knowledge, it is for the first time that surfactant-modified mineral oxide sorbents is studied for sorption of carbamate pesticides. We attempt the introduction of these surfactant-modified sorbents to the preconcentration of carbamate pesticides prior to instrumental analysis.

   

  Experimental

  Materials

  SDS was obtained from VWR International Ltd. (Poole, England). CTAB was purchased from Sigma-Aldrich (St. Louis, USA). Their properties are presented in Table 1. All solid sorbents used were supplied by Merck KGaA (Darmstadt, Germany). The average particle diameters of solid sorbents used in this work are as follow: zeolite (molecular sieve 0.3 nm), beads 2.00 mm; alumina, 0.063-0.200 mm; silica, 0.040-0.063 mm. All standard carbamate pesticides were of analytical standard grade. Carbofuran (CBF, log Kow 2.32), promecarb (PMC, log Kow 3.05), methomyl (MTM, log Kow 1.70) and isoprocarb (IPC, log Kow 2.63) were purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). Methiocarb (MTC, log Kow 3.06) was purchased from ChemService (West Chester, USA). Oxamyl (OXM, logKow 1.12), carbosulfan (CBS, log Kow 4.61), aldicarb (ADC, log Kow 1.88) and carbaryl (CBR, log Kow 2.65) were purchased from AccuStandard (New Haven, USA). A stock solution containing 1000 mg L–1 of each pesticide was prepared in methanol. The working solution was obtained by diluting the stock solution with water. HPLC-grade methanol was obtained from Merck KGaA (Darmstadt, Germany). Other reagents used were of analytical grade. Ultrapure water (18.2 MΩ cm) used in all experiments was prepared by a Simplicity water purification system from Millipore (Massachusetts, USA).
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  Preparation and characterization of surfactant-modified sorbents

  Three solid sorbents, including silica, alumina and zeolite, were studied in this work. The cationic surfactant (CTAB) and anionic surfactant (SDS) were used to modify the solid sorbents. Zeolite and silica were treated with CTAB, while alumina was coated with SDS. The solid sorbents were modified using various initial concentrations of surfactant solutions, including at the CMC, less than the CMC (< CMC) and greater than the CMC (> CMC). For the < CMC treatment, zeolite and silica were treated with 0.5 mmol L–1 CTAB; alumina was coated with 5.0 mmol L–1 SDS. For the > CMC treatment, 10.0 mmol L–1 CTAB and 90.0 mmol L–1 SDS were used. A 20 mL of surfactant solution was added to a 50 mL Erlenmeyer flask containing 0.5 g of each solid sorbent. Only for the SDS-alumina system, pH of the solution was adjusted to 2 with 1 mol L–1 HCl. The mixture was shaken mechanically for 24 h at 150 rpm. After decanting the supernatant, 10 mL of deionized water was added to sorbent. The mixture was then shaken for 10 min at 150 rpm. The supernatant was decanted again. This washing step was repeated twice to ensure that excess or loosely bound surfactants were removed. Then the sorbents were air-dried and stored in closed bottles for subsequent uses.

  In order to characterize the obtained surfactant-modified sorbents, a morphology study was performed using a Hitachi S3000N scanning electron microscope (Hitachi, Tokyo, Japan). For Fourier transform infrared spectroscopy (FT-IR) analysis, the sorbent was pounded, well mixed with KBr (1:10) and pressed into disk before measuring with a Spectrum One FT-IR spectrometer (PerkinElmer, Massachusetts, USA). Unmodified sorbents and surfactants were also investigated to prove the modification.

  Adsorption and desorption of carbamate pesticides

  The studied carbamate pesticides used in this study include OXM, MTM, ADC, CBF, CBR, IPC, MTC, PMC and CBS. Adsorption and desorption experiments were carried out in batch systems. To study the adsorption, 5.00 mL of carbamate solution and 0.1 g of solid sorbent were mixed in a 15 mL polypropylene tube with cap. The mixture was mechanically shaken for 15 min at 200 rpm, and then centrifuged at 3,000 rpm for 10 min. The supernatant was filtered through 0.45 µm nylon membrane filter before analysis. All experiments were performed in triplicate. Blank solutions containing solid sorbents and deionized water were treated in the same manner as the carbamate pesticide solution. Selection of initial concentrations of each pesticide was based on their detection sensitivities.

  Desorption experiments were studied by adding 1.00 mL of methanol to the sorbent after adsorption process as described above. After that, the mixture was put in ultrasonic bath for 5 min, and centrifuged at 3000 rpm for 10 min. The supernatant was filtered through 0.45 µm nylon membrane filter before analysis by HPLC.

  Analysis of carbamate pesticides

  Carbamate pesticides in the solution were analyzed with a Waters Tiger LC System (Waters, Massachusetts, USA) using a LichroCART RP-18 column (4 mm id × 100 mm, 5 µm). Manual injections were conducted with a Rheodyne injector equipped with a 20 µL loop. Separations were carried out using gradient elution of methanol and 0.1% acetic acid, as follows: started with 30% methanol, ramped to 50% methanol (0-3 min), ramped to 75% methanol (3-7 min), changed to 50% methanol (7-9 min), changed to 20% methanol (9-11 min), ramped to 100% methanol (11-12 min) and held for 4 min before returning to 30% methanol (16-18 min) and holding for 2 min. A flow rate of 1.0 mL min–1 was used. All of studied pesticides were detected at 270 nm using a UV detector. The Clarity software (Waters, Massachusetts, USA) was used for data acquisition.

   

  Results and Discussion

  Characterization of sorbents

  The surface morphology of unmodified and surfactant-modified sorbents was obtained from the scanning electron microscopy (SEM) studies. Unfortunately, the SEM images, which collected at magnification of ×10k (Figure 1), were not adequate to confirm aggregation of surfactant molecules on sorbent surfaces. However, sorption of surfactant on sorbent surfaces has been studied by FT-IR. The FT-IR spectra of surfactants were demonstrated in Figure 3. The major bands of both surfactants appeared at 3467-2871 cm–1, while the FT-IR spectra of all modified sorbents were different from raw support materials (Figure 2). Apart from characteristic signals of each material, the modified sorbents show the bands within the range of 2853-2934 cm–1 which are assigned to C–H stretching vibration mode of long chain carbon on surfactant molecules. These results clearly indicated the surfactant sorption to sorbent surfaces.
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  Effect of surfactant concentration

  According to general sorption model of ionic surfactant onto solid surface, various forms of surfactant aggregate: monolayers, bilayers, or variations between two forms, are presented, as it is depended on surfactant concentration.7,8,18,19 In addition, configuration of surfactant molecule as well as the fractional organic carbon content was found to effect the sorption of compounds.10,21 Therefore, surfactant-modified sorbents using various surfactant concentrations were prepared and their adsorption capacities for carbamate pesticides were studied. The initial concentrations of each carbamate pesticides were 1.00 mg L–1 of OXM, ADC, CBF, CBR and MTC, and 5.00 mg L–1 of MTM, IPC, PMC and CBS. Adsorption of the analytes by unmodified sorbents was also examined. The results are summarized in Figure 4.
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  Some of the studied carbamate pesticides could be adsorbed onto the solid sorbents in the absence of surfactant. However, considerable enhancement in sorption of some pesticides on surfactant-modified sorbents was observed. For instance, SDS-modified alumina demonstrated higher adsorption percentage for ADC, IPC, MTC and PMC as compared to unmodified alumina. CTAB-modified silica showed enhancement of adsorption percentage for IPC, MTC and PMC. Improvement of adsorption percentage for MTM, ADC, CBR and MTC was observed using CTAB-modified zeolite. These could be due to the adsorbed surfactant molecules created an organic environment on sorbent surfaces which allowed more affinity for sorption of the analytes. The studied carbamate pesticides are non-polar to slightly polar compounds that adsorption on hydrophobic phase is more preferable than the hydrophilic phase, hence the surfactant-modified sorbents could improve sorption of these compounds as pesticide molecules could partition into surfactant aggregate.

  Considering the surfactant-modified sorbents prepared by different surfactant concentrations, low surface coverage of surfactant molecules on solid sorbent occurred when low concentration of surfactant was used. Coverage area increased with increasing amount of surfactant until the overall sorbent surfaces were overspread with monolayer of surfactant molecules (hemimicelles), then bilayer was formed (admicelles). For some of studied pesticides (i.e, OXM, MTM, ADC and CBF sorbed on SDS-alumina, CBF and MTC sorbed on CTAB silica, MTM and IPC sorbed on CTAB-zeolite), an enlargement of adsorbed amounts was observed when the surfactant concentration loaded onto the solid sorbents was increased. Nonetheless, when the amount of surfactant began to exceed, it formed micelles in aqueous solution and pesticides turned to solubilize into micelles in solution again which resulted in decreasing of the analytes adsorption on the modified sorbent. This could be observed in the cases of CBR, IPC, PMC sorbed on SDS-alumina and OXM, MTM, PMC sorbed on CTAB-silica.

  Among various initial concentrations of surfactant, SDS-modified alumina and CTAB-modified silica treated at the CMC showed the highest sorption percentages for most of carbamate pesticides. At the CMC, surfactant molecules began to form micelles and sorbed on some area of sorbent surfaces to form admicelles; accordingly, the mixed hemimicelles/admicelles were created on sorbent surfaces. The mixed hemimicelles/admicelles provided both hydrophilic and hydrophobic phases. Therefore, interaction of cabarmate molecules and modified-sorbents occurred via both hydrophobic and hydrophilic interaction, resulted in high sorption of carbamate pesticides. However, the configuration of surfactant aggregate on solid surfaces found to be related to amount of surfactant, nature of surfactants and the characteristics of the solid surface.25-27 In the present work, zeolite which had high sorption capacity for CTAB,10 gave the greatest pesticide adsorption when using sorbent treated with surfactant at the concentration of higher than the CMC.

  Form the results, SDS-modified alumina and CTAB-modified silica treated at the CMC, and CTAB-modified zeolite treated at higher than the CMC, were selected for further experiments.

  Sorption of carbamate pesticides on surfactant-modified sorbents

  Linear isotherm is often employed to interpret the sorption of organic compounds on solid sorbent. The equation used is qe = KpCe, where, qe is the amount of organic compounds sorbed per unit mass of sorbent at equilibrium, Ce is the equilibrium concentration of organic compound in solution, and Kp is the partition coefficient. This isotherm is equilibrium model, which offer a partitioning mechanism, thus, the experiment required time to establish the adsorption equilibrium. Generally, organic compound-solid sorbent system needs at least 24 h to reach the equilibrium condition.10,11,21,24 However, application of the surfactant-modified sorbents for on-line extraction of carbamate pesticides in the flow manifold is expected. Therefore, experiments were desired by studying the adsorption efficiency only after 15 min of contact time.

  Adsorption of carbamate pesticides onto the studied surfactant-modified sorbents, including SDS-modified alumina, CTAB-modified silica and CTAB-modified zeolite, are demonstrated in Figure 5. Linear regressions with the correlation coefficients in the range of 0.857-0.995 were revealed for all studied carbamates. The uptake of each pesticide on surfactant-modified sorbents was calculated from slope of the linear regression, as summarized in Table 2. All target compounds can adsorb onto surfactant-modified sorbents. The studied carbamate pesticides are slightly polar compounds (log Kow > 1.1), except CBS which is non-polar compound having large log Kow (log Kow = 4.61).28 CTAB-zeolite demonstrated high uptake values for CBF, CBR, MTC and CBS. High uptake levels of CBR, IPC, MTC, PMC and CBS were obtained using SDS-modified alumina. In the case of CTAB-modified silica, high uptake values of MTC, PMC and CBS were observed. The result showed that sorption of pesticides on CTAB-modified silica was lower when compared to the others, because of its high water-swelling. Great affinity of CBS on these surfactant-modified sorbents resulted from its low water-solubility, hence, the compound adsorbed on hydrophobic part of surfactant aggregate. It could be observed that the uptake levels of carbamate pesticides on SDS-modified alumina was in the order of CBS > PMC > MTC > IPC > CBR > ADC > MTM > OXM. It was corresponded to the order of elution analyzed by HPLC using reversed-phase C18 column (see Figure 6), which the lowest hydrophobic compound was appeared as the first peak. Figure 7 shows the relationship between uptake and log Kow values of carbamate pesticides. Linear relationship between uptake levels and log Kow was obtained using SDS-modified alumina (uptake value = 16.65 log Kow - 20.88, r2 = 0.9076). It indicated that the predominant factor for analytes to incorporate to the SDS-modified alumina sorbent was hydrophobic interaction. However, deviations from equilibration partition behavior have been observed in the case of CTAB-modified silica (uptake value = 14.12 log Kow - 22.51, r2 = 0.7446) and CTAB-modified zeolite (uptake value = 11.38 log Kow - 0.54, r2 = 0.4156). Based on using CTAB-modified silica as sorbent, carbamate compounds with low hydrophobicity have low uptake values (i.e. , OXM, MTM, ADC, CBF and CBR), while more hydrophobic compounds could be more adsorbed onto the sorbent (i.e. , MTC, PMC and CBS).
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  Desorption of carbamate pesticides from surfactant- modified sorbents

  Owing to aggregation of surfactants on solid surfaces, the chemistry of sorbent surfaces was greatly altered. The charge on the surfaces was changed and the organic-rich layer was formed. The organic-rich phase provided a partitioning medium for sorption of target analytes particularly non-polar compounds and also useable for slightly polar compounds. Retention of carbamate molecules on surfactant-modified sorbents mainly resulted from hydrophobic interaction of the analytes and the organic-rich phase. When proper solvent was added to the system, partition occurred again and the sorbed analytes were desorbed to liquid phase. In this work, methanol was chosen for desorption study. According to the results (Figure 8), the important finding of the study was that possibility of carbamate pesticide desorption from surfactant-modified sorbents was better than desorption from unmodified sorbents. Two slightly polar compounds, OXM and MTM, which have low Kow values (Kow = 1.12 and 1.70, respectively) were not desorbed from all studied sorbents. In contrast, CBS which is non-polar compound (Kow = 4.16) demonstrated excellent desorption from all sorbents because of its solubility. However, most of the studied compounds revealed fair desorption using methanol as desorption solvent. As a result, other solvents should be involved in further study to optimize the proper desorption solvent.

  
    

    [image: Figure 8. Desorption of carbamate pesticides]

  

  Merit properties of surfactant-modified sorbent

  Some properties of the new sorbent were evaluated to verify the applicability for SPE. According to the adsorption study, CTAB-modified zeolite with the CMC treatment presented the highest sorption capacity for all investigated pesticides. Thus it was chosen to study some merit properties which related to the performance of SPE, including its stability, sorbent-to-sorbent reproducibility, and comparison of its retention property with conventional materials. The obtained results were summarized in Table 3.

  
    

    [image: Table 3. Merit properties of surfactant-modified sorbent]

  

  Seven independent batches of CTAB-modified zeolite were prepared for study the sorbent-to-sorbent reproducibility. After that, pesticides sorption was fulfilled via pesticide solution containing 1.0 mg L–1 of each carbamates. Likewise, pesticides sorption of conventional materials was performed using the same concentration of carbamates. The modification of sorbent showed reproducibility with %RSD of less than 11.8. Two conventional materials including polystyrene-divinylbenzene polymeric resin (Amberlite® XAD-4, 20-50 µm, Sigma-Aldrich, USA) and C18 material (Lichroprep® RP-18, 25-45 µm, Merck KGaA, Germany) which are widely used as sorbent for organic compounds were selected for the comparison of pesticides sorption. In terms of adsorption percentage, the new modified sorbent gave a comparable adsorption percentage to the conventional ones for almost studied pesticides such as OXM, CBF, CBR, MTC and CBS. Furthermore, it could be suggested that adsorption of MTM on the new modified sorbent was higher than that on both conventional materials. This might be a result of hydrophilic interaction of the slightly polar pesticide and charge of surfactant molecule on sorbent surface which enhanced retention of pesticides on the modified sorbent. In addition, high adsorption of other slightly polar pesticide was also observed, for instance, adsorption of OXM on the modified sorbent. Nevertheless, the proposed sorbent could not adsorb IPC, while this pesticide retained on both conventional materials. Again, PMC does not retain at all on all investigated sorbent.

  To study the stability, the preliminary study showed that some of surfactant molecules lost from support materials during elution process. Hence, re-coating of surfactant for the next adsorption process was recommended. In order to express the stability of the new modified sorbent, solid support was re-coated and used for pesticides sorption again. After the first extraction cycle, coating step was carried out by adding 10 mL of 10 mmol L–1 CTAB to the remained solid support, then it was mechanically shaken at 200 rpm for 1 h. The re-coated material was rinsed twice with deionized water and ready for the next adsorption step. Experiments were repeated several times and the stability of sorbent was reported by the number of reused cycles that provided the decreasing of adsorption percentage for each pesticide of less than 5%. The number of reused cycles for each carbamate was summarized in Table 3. As the results, the sorbent could be efficiently reused for MTM, ADC, CBF, CBR and MTC. Unfortunately it effectively retained CBS only for 2 re-coating cycles and could not be reused for OXM which rapidly eluted from the sorbent.

   

  Conclusion

  The present study clearly demonstrated that the surfactant-modified sorbents are effective for the extraction of carbamate pesticides in aqueous solution. A great adsorption performance for carbamate pesticides is observed by using CTAB-modified zeolite and SDS-modified alumina due to hydrophobic property of surfactant aggregate on solid surface. Desorption of carbamates from the modified sorbents was made using methanol. Based on the findings, these surfactant-modified sorbents could be proposed for preconcentration of trace carbamate pesticides before instrumental analysis.
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    Ésteres metílicos e etílicos foram preparados a partir de ácido láurico, sob aquecimento convencional e irradiação de microondas para determinar as melhores condições de esterificação de ácidos graxos. Estas condições foram então aplicadas na conversão de resíduo de caixa de gordura a biodiesel. Este resíduo é uma matéria-prima potencial para a produção de biodiesel, devido ao seu baixo custo e fácil esterificação. A esterificação catalítica do resíduo com metanol foi realizada sob aquecimento convencional e irradiação de microondas. Foi possível obter conversões elevadas com o aquecimento convencional, mas sob aquecimento por microondas, o equilíbrio da reação de esterificação foi atingido muito mais rapidamente. O biodiesel obtido a partir do resíduo em reações com irradiação de microondas mostrou uma alta conversão (96%), mesmo em condições brandas de reação (razão molar gordura:metanol 1:6, 1,0% H2SO4, 393 K, 10 minutos). Embora estas experiências iniciais tenham sido realizados com um aparelho de laboratório de pequena escala, o procedimento poderia ser facilmente adaptado para um processo comercial contínuo.

  

   

  
    Methyl and ethyl esters were prepared from lauric acid under conventional heating and microwave irradiation to determine the best fatty acid esterification conditions. These conditions were then applied in the conversion of trap grease (brown grease) to biodiesel. The trap grease is a potential feedstock for biodiesel production, due to its low cost and easy esterification. In this paper, trap grease catalytic esterification with methanol was performed under conventional heating and microwave irradiation. It was possible to obtain high conversions with conventional heating, but under microwave heating, the esterification reaction equilibrium was attained much faster. The trap grease biodiesel obtained from microwave assisted reactions showed a high conversion (96%) even at mild reaction conditions (trap grease:methanol molar ratio 1:6, 1.0% H2SO4, 393 K, 10 minutes). While these initial experiments were performed in a small-scale laboratory unit, the procedure could be easily scaled-up to a commercial continuous process.

    Keywords: biodiesel, esterification, trap grease, microwave

  

   

   

  Introduction

  Since the 1973 and 1978 oil crises, various alternative energy sources have been studied to replace products derived from oil. Nowadays, the great instability related to oil prices is fuelling that search again. Besides the economic aspect, there is the fact that fossil fuels are the main contributor to the greenhouse effect.

  In this context, there is an intense interest in the development of renewable fuels, both clean and economically viable.1-4 Among several alternatives to diesel oil, biodiesel is a substitute produced from fatty materials and short-chain alcohols. A barrier to the production of biodiesel on a commercial scale is the fact that its final cost is higher than that of diesel oil. The main reason for this high cost is the high price of virgin vegetable oils5 or high-quality animal fats,6 which constitute 75% of the total biodiesel production cost.

  Some strategies have been developed to make biodiesel production economically attractive, such as tax incentives. Moreover, it is necessary to seek out new raw material sources at a lower cost, such as high acid residual oils and fats of inferior quality.

  The classic process of biodiesel production is based on alkaline transesterification of oils or fats with short chain alcohols. In this process, it is essential that the free fatty acids (FFA) are previously neutralized and removed, because they react with the catalyst to form soap, reducing the efficiency of the process. This method is used for oils or fats with a FFA content between 0.5 and 5.0% (by weight). For raw materials with more than 5.0% FFA, the strategy is to convert the FFA fraction into biodiesel separately. In this case, the conversion to biodiesel is conducted in two consecutive steps: first, the esterification of FFA is catalyzed by a mineral acid, and then a conventional step of alkaline transesterification to produce esters from triglycerides.7 When the fatty acid content is above 20%, it is more economical to use only one acid catalyst step under conditions where both the esterification and transesterification reactions occur simultaneously.

  Canakci and Van Gerpen8 studied this technique to convert the FFA in feedstock materials. The process was developed for pre-treating feedstocks with high FFA content using an acid catalyst until FFA content fell below 1%. The second step was a transesterification reaction to convert the remaining triglycerides to biodiesel. The authors studied the effect of methanol concentration, catalyst concentration and reaction time. They used a test material for this experiment that consisted of a mixture of 20% palmitic acid in soybean oil. The mixture presented an acid number of 41.3 mg KOH per g. In a typical test, the authors reacted methanol with the FFA-rich mixture in a 1:9 molar ratio of oil to methanol with 5% sulfuric acid as catalyst, a reaction time of one hour and a temperature of 338 K. Under these conditions, the acid number was reduced to 1.77 mg KOH per g, which indicated an FFA conversion of 95.7%. After the acidity of the oil was reduced to less than 2.0 mg KOH per g at the end of the first stage, the alkaline transesterification was performed. In this stage, several alkaline catalysts were tested, including KOH, NaOH, sodium methoxide and metallic sodium. The results obtained in this series of tests showed that sodium methoxide was more tolerant to residual acidity than NaOH or KOH were, with both requiring an oil with an acid number less than 1 mg KOH per g to produce good quality esters (high triglyceride conversion).

  Hasuntree et al.9 investigated the possibility of using restaurant trap grease as feedstock in the production of biodiesel via acid catalyzed esterification. In their study, sulfuric acid was used as a catalyst for the esterification reaction of FFA and methanol. The FFA levels of restaurant trap greases were reduced from 60.38 ± 2.22 mg KOH per g to 11.60 ± 1.60 mg KOH per g when conditions for biodiesel production were as follows: methanol to FFA ratio of 5:1, 5.0 wt. % H2SO4, and a reaction temperature at 333 K with a reaction time of 60 minutes. During the acid-catalyzed esterification, the percentage of methyl esters resulting from conversion of FFA in the obtained product was 83.59 ± 1.51% based on the result of 1H nuclear magnetic resonance (NMR) analysis.

  Park et al.10 investigated the feasibility of the production of biodiesel from trap grease containing 51.5% FFA. The authors proposed a two-step process: the esterification of FFA by an acid catalyst (H2SO4 or Amberlyst 15) followed by the transesterification of the remaining triglycerides by an alkali catalyst (KOH). After the esterification of the trap grease using 0.5 wt. % sulfuric acid and a molar ratio of methanol to oil of 9:1, the acid value decreased from 102.9 to 2.75 mg KOH per g (97.3% FFA conversion). The product with 2.75 mg KOH per g acid value was then transesterified using potassium hydroxide. With a molar ratio of methanol to oil of 6:1, 0.8 wt. % of potassium hydroxide, 353 K and 0.5 h, fatty acid methyl ester (FAME) content reached 92.4%. In the esterification test using 21% of Amberlyst 15, a molar ratio of methanol to oil of 8.37:1, 368 K and 3 h, the acid value decreased to 3.23 mg KOH per g. With the transesterification using 1.2% potassium hydroxide, a molar ratio of methanol to oil of 6:1, 353 K and 0.5 h, FAME content increased to 94.1%.

  Charoenchaitrakool et al.11 developed a similar study to investigate the optimum conditions in biodiesel production from waste frying oil using two-step catalyzed process. In the first step, sulfuric acid was used as a catalyst for the esterification reaction of free fatty acid and methanol in order to reduce the free fatty acid content to be approximate 0.5%. In the second step, the product from the first step was further reacted with methanol using potassium hydroxide as a catalyst. The best results for biodiesel production were obtained using a methanol to oil molar ratio of 6.1:1, 0.68 wt. % of sulfuric acid, 324 K and a reaction time of 60 minutes in the first step, followed by using molar ratio of methanol to product from the first step of 9.1:1, 1 wt. % KOH, 328 K and a reaction time of 60 minutes in the second step. The percentage of methyl ester in the final product was 90.56 ± 0.28%.

  Lu et al.12 conducted a study using a 100 t per year biodiesel pilot scale production system, mainly consisting of a fixed-bed and a down-stream plug-flow reactors. The unit was setup to test different feedstock oils, especially trap grease, for their feasibility as biodiesel feedstock. The following raw materials were used in the tests: rapeseed oil, chinese wood oil, and trap grease. A type of ion-exchange resin was used to fill in the fixed-bed reactor and used as the esterification catalyst for pretreating of the highly acidified oil. With a fresh catalyst, the acid value of trap grease could be reduced from 114.0 to about 2.0 mg KOH per g (this corresponding to approximately 98% conversion, after 13 h at 348 K, catalyst load of 15 wt. % of oil, methanol addition of 20 wt. % of oil).

  The current research on biodiesel is not only focused on the search for alternative raw materials,6 but it also includes the search for more efficient catalysts with reduced waste, the development of simpler methods of biodiesel purification and the commercial application of glycerin.

  The use of microwaves to provide heat for reactions is one of the alternative methods for developing the synthesis of biodiesel. Microwave-assisted reactions13-16 have shorter reaction times and good yields, sometimes with a drastic reduction in the formation of co-products.

  In this context, Mazzocchia et al.17 conducted a series of transesterification reactions under microwave irradiation. The tests were performed in a Milestone Ethos 1600 unit with an output of up to 1000 W. The transesterification reactions were carried out on rapeseed oil with barium hydroxide as the catalyst and methanol as the alcohol. The tests were conducted with a rapeseed oil to methanol molar ratio of 1:9, 1:18 and 1:30 and with different catalyst concentrations. The best result obtained by the author was 99% conversion, with an oil:alcohol molar ratio of 1:9, 1.5% catalyst loading, 3.5 bar and 376 K for 10 minutes.

  In another study by Lertsathapornsuk et al.,18 a domestic microwave oven (Ecolux, 800 W, 2450 Hz) was modified and used as a continuous reactor in biodiesel synthesis from waste palm oil containing 4.5% FFA. The oil was treated with an alkaline alcoholic solution containing 3.0% NaOH in ethanol. Part of the added NaOH was used in the neutralization of the FFA, and the rest served as a catalyst for the transesterification reaction. Initially, the authors used an oil:alcohol molar ratio of 1:6 and 3.0% NaOH for 30 seconds, which led to a conversion of only 30% of the residual oil. When the oil:alcohol molar ratio was increased to 1:9 and all other conditions were kept constant, the conversion of residual oil increased to 82%. In the same way, a third test was performed with an oil:alcohol molar ratio of 1:12 and the conversion reached over 97%.

  In this work, a laboratory microwave (MW) unit was used to obtain biodiesel from lauric acid. The reaction parameters of temperature, lauric acid:alcohol molar ratio, reaction time, catalyst concentration and type of alcohol (methanol or ethanol) were studied. For comparison, conventional tests were also carried out in a conventional autoclave reactor in addition to the microwave tests.

   

  Experimental

  Reagents

  The following reagents were used in the experiments: lauric acid PA (Vetec), trap grease collected directly in IME facilities, methanol PA (Vetec) and ethanol PA (Vetec). Sulfuric acid 98% (Vetec) was used as the catalyst and N-methyl-N-trimethylsilyl trifluoroacetamide (MSTFA) was used as a derivatizing agent.

  Apparatus

  Tests were conducted in a Discover microwave lab unit (CEM) operating with programmable power from 1 to 300 W. A 50 mL glass reactor was used with magnetic stirring set at 400 rpm. The pressure in these tests was essentially the vapor pressure of the alcohol (ethanol or methanol) at the test temperature, with the system being able to operate at a maximum pressure of 10 bar. The conventional heating tests were conducted in a steel autoclave (Parr Instruments) with an internal Teflon reaction recipient (45 mL) equipped with magnetic stirring, also set at 400 rpm. The autoclave was heated by a silicone oil bath. The pressure in these tests was essentially the vapor pressure of the alcohol (ethanol or methanol) at the test temperature. This second system could operate with a maximum pressure of 200 bar.

  In this study a standard 10 mL borosilicate vessel was used in the reaction between grease/lauric acid and alcohol under H2SO4 catalysis and submitted to MW irradiation (Monowave 300 or CEM Discover) reactor and the temperature was monitored by an infrared sensor and/or a fiber optics probe. The microwave power applied was the fast possible mode offered by the Monowave 300 software.

  Analytical procedures

  The acid number of the product of the reaction was determined using the American Oil Chemists' Society (AOCS) Te 1a-64 method. As the acid number of lauric acid is 279 mg KOH per g and the biodiesel (ester) is not an acid, the decrease in this value was directly proportional to the progress of the reaction, and the conversion could be calculated using the following equation:

  % Conversion = 100 × (279 – acid number of the product) / 279	(1)

  Hydrogen nuclear magnetic resonance (1H NMR) was used to characterize the biodiesel products. The spectra were recorded on a Varian spectrometer, model Unity 300 (300 MHz). Deuterated chloroform and tetramethylsilane (TMS) were used as solvent and internal reference, respectively. The conditions used were 303 K, 5-mm diameter tubes and 80 seconds of acquisition time.

  In the 1H NMR spectrum, ethyl biodiesel was characterized by the presence of a quartet around 4.1 ppm, corresponding to the –CH2–O– hydrogens. The methyl biodiesel showed a characteristic singlet at 3.6 ppm, corresponding to the methoxy hydrogens.

  Gas chromatography coupled to mass spectrometry (GC-MS) analysis was performed by using a modified method based on EN 14105. Free fatty acids and ethanol were transformed into more volatile silylated derivatives in the presence of pyridine and MSTFA. All GC-MS measurements were carried out in duplicate using a DB 5-HT (Agilent, J & W Scientific®, USA) capillary column (10 m × 0.32 mm × 0.1 µm). The GC-MS samples were prepared by dissolving 0.1 g of the final product in 1 mL of n-heptane. One hundred µL of this solution and pyridine solutions of butanetriol (1 mg mL-1) and tricaprine (8 mg mL-1), used as internal standards, were added to a flask followed by addition of 100 µL of MSTFA. After 15 minutes, these reactants were dissolved in 8 mL n-heptane. One µL of this sample was then injected into a Shimadzu CG2010 equipment. The quantification was done based on calibration curves of the internal standards.

   

  Results and Discussion

  For all tests, the biodiesel (ester) production was confirmed by 1H NMR analysis and gas chromatography coupled to mass spectrometry of the isolated products.

  Lauric acid esterification

  Both microwave assisted and conventional heating tests were performed with methanol and ethanol, lauric acid:alcohol molar ratios of 1:3, 1:6, 1:8 and 1:12 and catalyst concentrations of 2.5, 5.0 and 7.5%. The temperature was varied from 393 to 403 K and the reaction time varied from 5 to 60 minutes. The results obtained with microwave heating and conventional heating are listed in Table 1 and 2, respectively.
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  Influence of the lauric acid:methanol molar ratio

  In the microwave assisted tests 1 to 4 (Table 1), the lauric acid:methanol molar ratio was varied from 1:3 to 1:12, with all other reaction conditions kept constant. Clearly, the conversion of lauric acid to biodiesel increased with increasing amounts of methanol, with the highest conversion observed for the highest molar ratio of 1:12. This result was consistent with the fact that the esterification reaction is a reversible reaction, with the product formation being promoted by an increase in the concentration of one of the reagents.9

  In the conventional heating tests 26, 16 and 17 (Table 2), the lauric acid:methanol molar ratio was varied from 1:6 to 1:12, respectively, with all other reaction conditions kept constant. Comparing these results with those obtained with microwave heating, the same trend of increasing ester conversion with increasing molar ratio was observed. Additionally, the conversions obtained with microwave irradiation were slightly higher than those obtained by conventional heating.

  Influence of the catalyst concentration

  The previous protocol was repeated in tests 5 through 8, but with the sulfuric acid concentration varying from 2.5 to 7.5%. The result obtained with 2.5% of catalyst (test 5) was inferior to the results for the reactions performed under the same conditions with 5.0 and 7.5% (tests 2 and 6, respectively). However, it was observed that the conversions obtained with 5.0 and 7.5% of sulfuric acid were practically the same.

  Repeating the previous protocol but using conventional heating, the sulfuric acid concentration was then varied from 5.0 to 7.5%. For methanol, as observed in the microwave tests, increasing the amount of catalyst did not significantly alter the conversion of biodiesel (tests 16 and 18, and tests 17 and 19). For ethanol, the results from tests 20 and 22, and 21 and 23, indicated a small increase in the conversion values when the sulfuric acid concentration increased from 5.0 to 7.5%.

  Influence of the reaction time

  In tests 9 through 11, the same standard reaction conditions were kept constant (300 W, lauric acid:methanol molar ratio of 1:6, 5.0% sulfuric acid and 393 K), but the reaction time was varied from 5 to 60 minutes. As can be observed for the conversion results, increasing the reaction time from 5 to 60 minutes led to no significant increase in biodiesel production. Most likely, the chemical equilibrium for these conditions was reached between 5 and 15 minutes of reaction time.

  With conventional heating (tests 24 to 28), increasing the reaction time from 5 to 15 minutes (tests 24 and 25, respectively) led to an increase in biodiesel production. The conversions obtained at reaction times of 5 and 15 minutes were much lower than the results obtained for the microwave-assisted reactions under the same conditions, indicating the better efficiency of microwave heating.

  Influence of temperature

  The influence of the reaction temperature was studied only for microwave-assisted reactions. The study was conducted at lauric acid:methanol molar ratios of 1:8 and 1:12, varying the temperature from 393 to 403 K. The other reaction conditions were 300 W, 5.0% sulfuric acid and a reaction time of 30 minutes.

  As the methyl esterification reaction is endothermic,19 it was expected that a temperature increase would displace the reaction chemical equilibrium towards ester formation. However, comparing tests 3 and 4 (393 K) and 12 and 13 (403 K), it was observed that, for this temperature range and other conditions employed, the conversions did not change significantly.

  Influence of the type of alcohol

  Tests 14 and 15 were doubles of entries 3 and 4 using ethanol as the esterification agent in microwave assisted reactions. The conversion results obtained with ethanol were similar to values obtained for the equivalent methyl esterifications.

  In tests 20 through 23, ethanol was used in the esterification under conventional heating. In this set of reactions, the reaction conditions used were: molar ratios of lauric acid:alcohol of 1:8 and 1:12, catalyst concentration of 5 and 7.5%, reaction time of 30 minutes and temperature of 393 K. The observed ethyl esterification conversion values were essentially the same values obtained for the methyl esterification.

  Compared with the microwave test results for both methanol and ethanol, conventional heating had essentially the same levels of conversion with these reaction conditions.

  Microwave-assisted esterification was compared with conventionally heated esterification for different reaction conditions. The main difference between the two sets of experiments is that the conventional heating tests usually require a longer reaction time to achieve the same level of conversion of the microwave-assisted tests. This large difference in reaction time can be attributed to the limitations of conventional heating in which the energy is first utilized to increase the temperature of the reaction vessel. Despite these observations, this comparison requires a study on the economic aspects, such as energy consumption, equipment, manpower, so we can say that microwave-assisted reactions are better than conventional heating.

  Trap grease esterification

  Using the information acquired with the lauric acid esterification tests, a new set of tests was performed using trap grease with both microwave and conventional heating.

  The trap grease reactions were performed only with methanol, using molar ratios of 1:3, 1:6 and 1:8 and catalyst concentrations from 0.5 to 5.0%. The temperature was kept at 393 K and the reaction time varied from 5 to 15 minutes. The results obtained with microwave heating are listed in Table 3.
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  Influence of the trap grease:methanol molar ratio

  In tests 29 to 37, the trap grease:methanol molar ratio was varied from 1:3 to 1:8, with all other reaction conditions kept constant. As can be seen, the trap grease conversion to biodiesel increased with increasing amounts of methanol, with the highest conversion observed for the highest molar ratios of 1:6 and 1:8, with no significant increase in conversion when the molar ratio increases from 1:6 to 1:8.

  Influence of the catalyst concentration

  The previous protocol was repeated for entries 33, 39, 41 and 42, but with the sulfuric acid concentration varying from 0.5 to 5.0%. The conversion increases with the catalyst concentration, but there is little difference between the results obtained with 2.5 and 5.0% of sulfuric acid. Due to these results, all other tests were conducted using 5.0% sulfuric acid.

  Influence of the reaction time

  In tests 30, 33 and 36, the reaction conditions were kept constant (300 W, trap grease:methanol molar ratio of 1:6, 5.0% sulfuric acid and 393 K), varying only the reaction time from 5 to 15 minutes. With these reaction conditions, the conversion of trap grease to biodiesel is already very high with 5 minutes (97%), with no significant variation for reaction times over 10 minutes.

  Additionally, three conventional heating tests were done using trap grease and the reaction conditions of tests 30, 40 and 41 (393 K, reaction times from 5 to 15 minutes and catalyst concentration from 1.0 to 5.0%). These conditions were chosen to show how superior microwave heating is under short time and/or low catalyst concentration conditions. The results are indicated in Table 4.
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  Comparing the results obtained for both heating methods under the same reaction conditions, it is clear that the microwave assisted tests presented much higher conversions to biodiesel for short reaction times and low catalyst concentrations. Particularly, it was observed that the reaction is more responsive to catalyst concentration under microwave heating, probably due to the high microwave absorption capacity of the sulfuric acid. With 5.0% sulfuric acid and trap grease:methanol molar ratio of 1:6, only 5 minutes are necessary to achieve 97% conversion.

   

  Conclusions

  Microwave heating has proved to be very efficient for the conversion of fatty acids to esters in the biodiesel synthesis. High conversions were easily obtained, even with moderate reaction conditions such as a FFA:methanol molar ratio of 1:6, 2.5% of sulfuric acid catalyst, a reaction time of 15 minutes and temperature of 393 K. Moreover, no significant difference was observed in using methanol or ethanol in the esterification reactions.

  Under microwave heating, the esterification reaction equilibrium was attained much faster. Using the standard test conditions, equilibrium was reached within 15 minutes under microwave heating, but only after 30 minutes with conventional heating.

  Increasing the amount of alcohol shifts the reaction chemical equilibrium towards ester formation, increasing the conversion. The system was less sensible to increases in the catalyst amount, with no significant influence observed for values over 5.0%. No significant change was observed for varying the reaction temperature from 393 to 403 K in the microwave tests.
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    Neste trabalho é descrito o desenvolvimento de um sensor para detecção de metronidazol, usando um método simples para preparar estruturas nanoporosas de ouro em eletrodos impressos comerciais modificados com monocamadas autoarranjadas de tiol (SAMs). O processo envolve a formação inicial de espécies de ouro oxidadas a pH 7,0, e posteriormente a redução potenciodinâmica para a formação da superficie nanoestruturada, que a seguir foi modificada com cisteína para obtenção do sensor, o qual foi posteriormente caracterizado utilizando microscópio eletrônico de varredura (SEM), microscópio de forca atômica (AFM) e técnicas eletroquímicas. Para a quantificação de metronidazol foi otimizada a voltametria de onda quadrada (SWV). Nas melhores condições de análise o sensor mostrou em –0,36 V uma faixa linear entre 50 e 300 µmol L–1 e limite de detecção (LOD) = 2,6 µmol L–1. No estudo de seletividade, o eletrodo mostrou mais alta sensibilidade para os nitroimidazois. A resposta do sensor indica ser viável para a detecção deste fármaco em diferentes tipos de matrizes.

  

   

  
    This paper describes the development of a sensor for the determination of metronidazole using a simple method involving the creation of nanoporous structures on gold electrodes followed by modification with self-assembled monolayers (SAMs) of thiols. The initial formation of oxidized gold species at pH 7.0 was followed by potentiodynamic reduction in order to obtain a nanostructured surface that was then modified with a SAM of cysteine. The sensor was characterized by scanning electron microscopy (SEM), atomic force microscopy (AFM), and electrochemical techniques. Quantification of metronidazole was performed using optimized square wave voltammetry. Under the best analytical conditions, the sensor operated at –0.36 V showed a linear range of 50-300 µmol L–1 and a limit of detection (LOD) of 2.6 µmol L–1. Evaluation of selectivity demonstrated that the electrode provided higher sensitivity towards nitroimidazoles. The sensor responses showed that it could be used for detection of metronidazole in different types of matrix.

    Keywords: self-assembled monolayers, cysteine, metronidazole, nanostructured gold electrode

  

   

   

  Introduction

  It is well known that gold reacts with sulfur to form thermodynamically and kinetically stable self-assembled monolayers (SAM) that are widely used in the manufacture of sensors and biosensors, where they act as molecular electronic biointerfaces.1-16 Thiols17,18 are used to improve the stability of these devices and to transfer analyte redox information to the metal surface. Gold electrodes with greater porosity can be produced by electrochemical deposition.19 Au-Ag alloys have also been used as starting materials for the preparation of porous gold electrodes, where a relatively complex procedure is used to fuse gold with silver for subsequent separation.20-25

  Nitro-containing compounds are widely found as byproducts in industrial processes such as those used to manufacture agrochemicals, dyes, and pharmaceuticals. Among the various nitro compounds, nitroimidazoles are some of the most common co-products. These compounds exhibit selective activity against anaerobic microorganisms, enabling them to be used in the treatment of infectious diseases in humans and animals.26 However, the same compounds employed to combat microbial infections also show genotoxicity, which can cause adverse health effects including decreased fertility rates, mutagenesis, and carcinogenesis.27-30

  The drug metronidazole is a nitro compound that is widely used due to its antiprotozoal properties and its activity against anaerobic gram-negative bacilli, gram-positive spore-forming bacilli, and all anaerobic cocci. The drug is widely indicated for the treatment of giardiasis, amoebiasis, Trichomoniasis vaginitis, Gardnerella vaginalis, and infections caused by anaerobic bacteria such as Bacteroides fragilis and other Bacteroides spp., Fusobacterium spp., Clostridium spp., Eubacterium spp., and anaerobic cocci. It is used to treat patients with refractory chronic periodontitis, a disease characterized by the presence of anaerobic bacteria in the oral cavity. It is possible for the drug to be excreted and released to the environment in domestic sewage, making it an emerging pollutant that deserves attention due to the known adverse health effects of nitro compounds.

  Various sensors have been described for the determination of metronidazole (Table 1). However, sensor construction can be difficult34,35 and response ranges are narrow.32-34,37 It is therefore still necessary to develop reliable alternative analytical techniques for the determination of this and other nitro compounds present in biological and environmental samples.
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  The present work describes a new and simple procedure for producing a nanostructured gold electrode modified with a cysteine SAM for the determination of metronidazole in pharmaceutical formulations and biological samples.

   

  Experimental

  Reagents

  All the reagents and solvents used in this work were analytical or HPLC grade. A standard solution of metronidazole (MTZ) at a concentration of 7.2 × 10–3 mol L–1 was prepared by dissolving a precisely weighed out quantity of the analyte in ethanol/water (1:4, v/v). Different concentrations were then prepared by diluting aliquots of the stock standard solution in Britton-Robinson (BR) buffer at pH 2.0 (used as the electrolyte). All aqueous solutions were prepared using deionized water (18.1 MΩ cm at 25 ºC) obtained from a Milli-Q system (Millipore). The pH adjustment employed a pH meter (mPA 210, Tecnopon).

  Electrochemical measurements

  The electrochemical measurements were performed using a potentiostat (PGSTAT 12, Autolab/Eco Chemie) coupled to a personal computer and controlled by GPES software (v. 4.9.006, Eco Chemie). A conventional electrochemical cell (15 mL volume) containing 3 electrodes was used. The reference electrode was a commercial Ag|AgCl electrode (Analion), a coil of platinum was used as the counter electrode, and a modified commercial gold SPE (DropSens 220BT, geometrical area of 0.126 cm2) was used as the working electrode.

  All experiments were carried out at ambient temperature and anaerobic conditions were maintained by bubbling nitrogen through the solutions during the measurements.

  Preparation and modification of the nanostructured gold electrodes

  The gold SPE was first treated in an aqueous solution of H2SO4 (1.0 × 10–4 mol L–1) to clean the electrode surface, using a cyclic voltammetry potential between –0.6 and 0.8 V vs. Ag|AgCl (3 cycles) and a scan rate of 100 mV s–1. In the next step, the gold electrode was treated in a solution of KOH (0.5 mol L–1), with application of a previously optimized potential of 2.0 V for 180 s. This was immediately followed by a linear cathodic sweep between 2.0 and –0.2 V, at 50 mV s–1, in phosphate buffer solution (pH 7.0) obtaining the nanostructured electrodes. All steps were carefully optimized to get oxidized gold surfaces without destroying the thin gold film covering the working electrode of the SPEs.

  The nanostructured electrodes were characterized by scanning electron microscopy (SEM) and atomic force microscopy (AFM).

  The sensors were obtained by immersing the nanostructured electrodes in 0.1 × 10–3 mol L–1 cysteine solution for 10 min, 20 min, 60 min, 12 h, and 72 h, in order to optimize formation of the SAM on the electrode surface. The best immersion time was found to be 20 min, which was then used in all subsequent preparation procedures.

  Application of the sensor using pharmaceutical formulations

  Sample preparation was performed as described in the British Pharmacopoeia.38 A lotion (containing a labeled amount of MTZ of 100 mg g–1) was prepared for analysis by weighing out 61.1 mg of the sample and adding 2.5 µL of H2SO4 (0.1 mmol L–1) and 3 mL of methanol. The mixture was heated at 40 ºC until dissolution was complete, and then filtered. Finally, the volume was completed to 50.0 mL with a 1:4 (volume ratio) mixture of ethanol and aqueous BR buffer solution (pH 2.0).

  A suspension of the drug (containing a labeled concentration of 40 mg mL–1 of benzoylmetronidazole) was prepared for analysis using 2.2 mL of sample, to which was added a solution of ethanol/water (1:4, v/v). The mixture was sonicated for several minutes, filtered, and the volume was completed to 50.0 mL using the ethanol/water solution (1:4, v/v).

  For the analysis of tablets containing 250 mg of MTZ (labeled amount), 10 tablets were ground and homogenized. Approximately 92.1 mg of this solid mixture was weighed out and dissolved in the ethanol/water solution (1:4, v/v), after which the mixture was sonicated for several minutes and then filtered. The volume was completed to 50.0 mL using the ethanol/water solution (1:4, v/v).

  In all cases, the concentrations of MTZ in the prepared samples were 7.2 × 10–3 mol L–1 (based on the labeled MTZ values). In order to perform the measurements in the linear range of the sensor, 100 µL aliquots of these samples were added to the measurement cell (10.0 mL) and quantified by the standard additions method. The concentrations of metronidazole expected in the measurement cell were therefore 72 µmol L–1.

  Application of the sensor using biological samples

  Determination of MTZ in biological samples employed human serum and urine enriched with 1.98 × 10–3 and 7.20 × 10–3 mol L–1 of analyte, and then diluted ×10 with deionized water, without any pretreatment. The samples were added to the measurement cell and quantified by the standard additions method.

   

  Results and Discussion

  Nanostructured electrode characterization

  The formation of nanopores on the gold electrode surface can be explained in the following way. Firstly, when the gold electrode was treated by chronoamperometry (2.0 V for 180 s) in an alkaline medium (0.5 mol L–1 KOH), there was the formation of Au(OH)3/AuO2 species in equilibrium on its surface, as indicated in the Pourbaix diagram (Figure 1).39 A subsequent linear cathodic sweep (from 2.0 to –0.2 V, at 50 mV s–1) in a neutral solution (phosphate buffer at pH 7.0) resulted in reduction of these oxidized species to form gold metal (Auº), as also indicated in the Pourbaix diagram (Figure 1). These redox processes on the gold surface caused a change in morphology and the formation of nanopores. There was, therefore, an increase in the active area of the electrode surface, which enabled immobilization of greater amounts of catalytic species.
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  The increased surface areas of the gold electrodes after the treatment were evaluated using cyclic voltammetry (Figure 2). The active areas of untreated (bare) and nanostructured electrodes were estimated using the corresponding cathodic peak areas. These areas correspond to the removal of a monolayer of oxygen on the gold electrode surface, enabling the active area to be calculated using equation 1.40

  
    [image: Equation 1]

  

  
    

    [image: Figure 2. Cyclic voltammograms obtained for the untreated]

  

  where: Q is the total electrical charge; Qdc is the electrical charge of the capacitive double layer; v is a constant specific to gold (400 mC cm–2), and [image: Caracter 2] corresponds to the active area of the electrode. The active areas of the two electrodes, calculated from the voltammograms shown in Figure 2, were 0.138 cm2 for the bare gold electrode (geometrical area 0.126 cm2) and 3.205 cm2 for the nanostructured electrode. The difference is evident in Figure 2, where the area of the cyclic voltammogram obtained for the nanostructured electrode is greater than for the untreated electrode. In addition, the nanostructured electrode showed an improvement in electronic transfer, since the difference between the anodic and cathodic peaks (138 mV vs. Ag|AgCl) was lower than for the untreated electrode (360 mV vs. Ag|AgCl).

  The morphology of the untreated (bare) and nanostructured electrodes was evaluated by SEM (Figure 3) and AFM (Figure 4). These analyzes clearly showed the formation of nanostructures on the electrode surface after treatment, in agreement with the cyclic voltammetry results. It is evident in Figure 3b that the nanoparticles size is markedly different and can be explained due to the gold used in the SPE electrodes is polycrystalline. However, to obtain more homogeneous nanostructures, monocrystalline gold electrodes could be used (which can become expensive sensor) or using polycrystalline gold electrodes with preferential orientation in a single plane being this alternative economically more viable.
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  All these results indicated that the simple new gold treatment method was able to produce nanostructured electrodes that could be used to immobilize greater quantities of active molecules on their surfaces.

  Modification of the nanostructured gold electrode with a cysteine SAM

  Cyclic voltammetry experiments conducted from –1.2 to 0 V vs. Ag|AgCl, in 0.5 mol L–1 KOH, were used to confirm modification of the gold electrode nanostructure with the cysteine SAM. The results clearly revealed the presence of a cathodic peak at –0.7 V (data not shown) that could be attributed to reductive desorption of the thiol on the gold surface, according to equation 2,41 indicating the presence of cysteine on the electrode surface. This finding was supported by the AFM analysis (Figure 4c), which also demonstrated that the nanoporous electrode had been modified by the amino acid.

  
    [image: Equation 2]

  

  Based on the results obtained, Figure 5 shows a schematic representation of the formation of the SAM on the nanostructured gold electrode.

  
    

    [image: Figure 5. Schematic of the formation]

  

  Characterization of the proposed sensor for nitro-containing compounds

  After the construction of the sensor, the suitability of the sensor for use in pharmaceutical and/or environmental analyses was first evaluated by observing its response in the presence of different compounds containing the –NO2 group in their chemical structure. The study was based on the widely known reduction of –NO2 to –NH2,42-44 according to the following reactions in an anaerobic medium:

  
    [image: Equation 3]
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  The sensor response was tested using metronidazole and secnidazole, which belong to the nitroimidazole family of drugs, as well as o-nitrophenol, 1-chloro-2,4-dinitrobenzene, 4-nitro-o-phenylenediamine, and 2-nitro-p-phenylenediamine, which are potential environmental contaminants. All the cyclic voltammetry measurements were performed in anaerobic BR buffer solution (at pH 2.0) containing 2.0 × 10–4 mol L–1 of each compound. The voltammograms obtained for all the compounds (Figure 6) showed peaks corresponding to reduction of the nitro group,45 although the peak profiles and values differed. For example, in the case of o-nitrophenol, a poorly-defined reduction peak only appeared at –350 mV vs. Ag|AgCl, while for secnidazole and metronidazole, well-defined peaks appeared at –220 mV vs. Ag|AgCl.
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  The potential application of the proposed sensor for the determination of metronidazole in pharmaceutical formulations was evaluated by considering its selectivity in the presence of other drugs. The compounds tested were lidocaine, diclofenac, and ranitidine, for which no responses were obtained in the same potential window, under the conditions selected for detection of MTZ. In the next step, it was therefore possible to optimize the analytical conditions in order to obtain the best response to MTZ. The reduction of MTZ is pH-dependent (reactions in equations 3-6), so pH was the first parameter considered in optimization of the sensor response.

  Figure 7 shows the results obtained using 0.1 mol L–1 BR buffer solution at different pH values between 1.6 and 4.0. It can be seen from Figure 7a that the pH did not influence the magnitude of the current obtained for the MTZ reduction. However, the peak potential shifted to less negative values as the pH decreased (Figure 7b). A pH of 2.0 was therefore selected for use in the subsequent experiments.
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  In the next step, evaluation was made of the influence of the scan rate ([image: Caracter 1])  on the cathodic potential peaks and the corresponding currents. The results of these experiments are shown in Figure 8, where the reduction current is plotted as a function of v1/2. A linear fit was obtained, indicating that the reduction of MTZ was controlled by a mass transfer process.
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  Characteristics of the proposed MTZ sensor

  Application of the proposed sensor for the determination of MTZ in different samples was investigated using an electroanalytical technique that was more sensitive than cyclic voltammetry. Among the techniques evaluated (amperometry, differential pulse voltammetry, and square wave voltammetry), square wave voltammetry (SWV) provided the best results. This technique was therefore optimized prior to its use to analyze the samples containing MTZ. The best SWV response was obtained at pulse amplitude of 100 mV, frequency of 60 Hz, and pulse increment of 10 mV. Typical voltammograms obtained under the optimized conditions are shown in Figure 9. The response to MTZ was linear in the range 50-300 µmol L–1 (R = 0.9994) and could be described by the equation:

  
    [image: Equation 7]
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  The limits of detection (LOD) and quantification (LOQ) were 2.6 and 8.6 µmol L–1, respectively, calculated as recommended by the National Health Surveillance Agency (ANVISA).46

  The proposed sensor shows characteristics similar to other sensors described in literature, with the advantages of more simple preparation and possibility of miniaturization and mass construction.

  Application of the proposed MTZ sensor

  The results obtained for the application of the sensor in the analysis of different pharmaceutical formulations are shown in Table 2. The response of the sensor in the presence of possible interferents was tested previously, and no effect on the MTZ signal was observed for substances including starch, mannitol, microcrystalline cellulose, povidone, magnesium stearate, cellulose acetate phthalate, talc, calcium carbonate, polyethylene glycol, and carbopol, which are used as excipients in commercial formulations.
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  Note that, in the case of suspension, the low recovery value is not due to the matrix effect, since the sample was pretreated as described in the experimental part, but due to the active ingredient of this drug is benzoylmetronidazole and not the analyte evaluated here (MTZ) for this proposed sensor.

  The application of the sensor in the analysis of biological samples was tested by spiking urine and serum samples with MTZ. Excellent recovery values were achieved in both cases (Table 3). Possible interference from uric acid, urea, and ascorbic acid were evaluated, and no responses were observed for these compounds. However, in order to apply the sensor in the analysis of serum samples, and to avoid the effects of other potential interferents present in biological samples, the quantification of MTZ was carried out using the standard additions method. The results of these experiments confirmed the viability of the sensor for use with samples of clinical and pharmaceutical interest.
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  Conclusions

  This work presents a simple and novel method to obtain nanopores on the surface of gold electrodes. The presence of the nanopores was confirmed using SEM, AFM, and cyclic voltammetry analyses. The procedure resulted in a higher surface area with a greater number of active sites available for immobilization of the amino acid cysteine, producing a sensor based on a self-assembled monolayer (SAM). This sensor is sensitive to molecules containing the nitro group in their structures. Metronidazole was chosen as a model drug, due to its clinical importance, and could be satisfactorily quantified in pharmaceutical formulations and biological samples.
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    A produção de biodiesel a partir de óleos de oleína de palma refinada (RPO) e oleína de palma usada (UPO) em etanol supercrítico foi comparativamente investigada num reator continuo. Após o uso de RPO para fritar frango, os níveis de ácidos graxos insaturados (UFAs) e ácido graxo livre (FFA) aumentaram 10 e 5%, respectivamente. As condições ótimas para ambos os óleos foram 300 ºC, 30 MPa, razão molar etanol:óleo 30:1 e 60 min de tempo de residência. Embora os UFAs sejam inativos e sensíveis à degradação térmica, o FFA em UPO catalisou ao mesmo tempo as reações em etanol supercrítico. Devido ao efeito antagonístico de UFAs e FFA, o conteúdo de éster máximo do biodiesel de UPO (73%) foi um pouco menor que aquele do biodiesel de RPO (80%). Os demais componentes do biodiesel resultante eram glicerídeos não-reagidos, principalmente mono e diglicerídeos. Além do mais, a reação com UPO atingiu o equilíbrio mais rapidamente que aquela com RPO, devido ao efeito catalítico de FFA.

  

   

  
    Biodiesel production from refined palm olein (RPO) and used palm olein (UPO) oils in supercritical ethanol was comparatively investigated in a continuous reactor. After use of RPO for chicken frying, levels of unsaturated fatty acids (UFAs) and free fatty acid (FFA) increased by 10 and 5%, respectively. The optimal conditions for both oils were 300 ºC, 30 MPa and 30:1 ethanol:oil molar ratio at 60 min of residence time. Although the UFAs are inactive and sensitive to thermal degradation, the FFA in UPO catalyzed the reactions in supercritical ethanol at the same time. Due to the antagonistic effect of UFAs and FFA, the maximum ester content of UPO biodiesel (73%) was slightly lower than for RPO biodiesel (80%). The other compounds in resultant biodiesel were unreacted glycerides, mainly mono- and di-glycerides. Furthermore, UPO reaction reached equilibrium faster than RPO reaction due to the catalytic effect of FFA.

    Keywords: biodiesel, fuel properties, hydrated ethanol, supercritical transesterification

  

   

   

  Introduction

  Biodiesel is an alternative fuel for use in compression-ignition engines, and can be produced from lipid-based biomass and various alcohols. Current biodiesel production processes face a number of constraints, especially in terms of prices, flexibility and renewability of feedstocks. Because the feedstock price was reported as accounting for approximately 70% of the total production cost of biodiesel,1 the feasibility of commercialized biofuel is strongly dependent on feedstock price. Feedstock flexibility refers to the ability to process multiple feedstocks without either major modification of the process or pretreatment. Even though many types of lipid-based biomass have been promoted as alternative feedstocks for biodiesel production, the conventional alkaline-catalytic process is not capable of handling them efficiently.2 Finally, for feedstock renewability, methanol, which is widely employed as the reacting alcohol due to its low price and high reactivity, is commercially synthesized from natural gas, which is a non-renewable resource.

  With regard to feedstock price, used cooking oil offers an interesting alternative feedstock, especially for developing countries, due to its low price. According to average price (www.alibaba.com) used cooking oil is approximately half the price of refined palm oil. With regard to feedstock flexibility, pretreatment of used cooking oil is required when the conventional alkaline-catalytic process is employed, in order to maximize the ester content.3 Otherwise, assistive methods such as acid-catalytic and enzyme-catalytic methods are required. With regard to feedstock renewability, ethanol, which is normally produced by fermentation of agricultural biomass, is a renewable alcohol that could be used as biodiesel feedstock. In addition, bioethanol is commercialized as a fuel in many countries, such as USA, Brazil, China and Thailand. However, hydrated ethanol cannot be used in the conventional alkaline-catalytic process due to soap formation. Whilst absolute or anhydrous ethanol has been successfully used experimentally as the reacting alcohol for biodiesel production using the alkaline-catalytic process,4 its price is higher compared with methanol and hydrated ethanol. Thus, used cooking oil and hydrated ethanol are attractive feedstocks to simultaneously produce low-price and entirely green biodiesel.

  The supercritical ethanol (SCE) process is a catalyst-free technology invented to produce biodiesel and reported widely in the literature.5-8 Hydrated ethanol can be used without further purification or modification of the process. However, there has so far been no comparative study between the use of refined and used oils as feedstocks. This work selected refined palm olein oil (RPO) and used palm olein oil (UPO) as feedstock due to their wide use for cooking in South East Asia and South America. This work investigated the effects of oil type on the ester content in the resultant biodiesel produced by the SCE process in a continuous reactor. Furthermore, the effects of operating parameters such as temperature, pressure and ethanol:oil molar ratio were also examined. It was hypothesized that the impurities in UPO have some influence on biodiesel production with SCE.

   

  Experimental

  Materials

  Commercial grade ethanol, 96.5% m/m, obtained from a local distributor, and RPO (with a major fatty acid composition of 37% palmitic, 46% oleic and 11% linoleic acids) from Morakot Industries Co., Ltd., were used with no further purification. The UPO was collected from a traditional fried chicken restaurant, in Bangkok, Thailand. The virgin RPO was also supplied from Morakot Industries Co., Ltd. The UPO was filtered to remove food residues before examining its properties. The physical properties of the UPO sample were analyzed using standard testing methods including water content (EN 14214), iodine value (ASTM D5554) and acid value (ASTM D664). The distribution of fatty acids in both RPO and UPO samples was measured by conversion to fatty acid methyl esters (FAME) by the AOCS Ce 2-66 method. Then, the FAME samples were analyzed for the composition pecentage by the AOCS Ce 1h-05 testing method. The analytical grade methyl heptadecanoate (99.5%) and n-heptane (99.5%), used in the measurement of the ester content of the biodiesel, were supplied by Fluka and Fisher, respectively.

  Transesterification apparatus and procedure

  The schematic diagram of the tubular reactor used in this work is shown in Figure 1. The reactor consisted of a coiled tubular reactor (SUS316 tubing of 3.18 × 10-3 m outside diameter, 7.11 × 10-4 m thickness and 80 m length) which was heated by a nitrate-based molten salt bath. The temperature of the molten salt bath was controlled by a proportional-integral-derivative (PID) controller (Sigma model SF48).

  
    

    [image: Figure 1. Schematic diagram of lab-scale tubular]

  

  The RPO or UPO and ethanol were mixed at the desired molar ratio and agitated during the experiment. The mixture was pumped through the preheater into the reactor by a high-pressure pump (Thar Technology Co. Ltd., model P50).

  The residence time was calculated from total flow rate of the reactants. The thermocouples were set at the reactor inlet, outlet and molten salt bath. After the outlet flow was steady, the back-pressure regulator (Swagelok Co. Ltd., model Z85943001) was closed to increase the pressure of the system. The pressure at the high-pressure pumps and back-pressure inlet were monitored by two pressure gauges (Swagelok Co. Ltd., model EN 837-1). In addition, the 0.5 mm inline filter (Swagelok Co. Ltd., model SS-2F-0.5) was attached to the back-pressure inlet to prevent damage from solid particles. The relief valve (Swagelok Co. Ltd., model SS-4R3A) was installed at the heat exchanger outlet. Once the system pressure was constant, which took approximately 3 hours until the system reached its steady state, the biodiesel products were sampled in triplicate at 15 min intervals and analyzed for ester content following the EN14103 standard method.

  In this work, we calculated the residence time (τ, min) using equation 1:

  
    [image: Equation 1]

  

  where V is the reactor volume (cm3), ṁ is the mass flow rate (g min-1) at ambient conditions and  ρ' is the density (g cm-3) of the pure substance at the reaction conditions. The subscripts e and o indicate that parameter for ethanol and palm oil, respectively. The density of hydrated ethanol (95.5%) at elevated temperatures and pressures was taken from the literature.9 Since palm oil has a high boiling point (approximately 500 ºC), the effect of pressure on its density is very small.10 Thus, the density of RPO and UPO was assumed to be a linear function of temperature only.11

  Biodiesel sample analysis

  The fatty acid ethyl ester (FAEE) content in biodiesel samples was measured by gas chromatography (GC) on a Shimadzu GC model GC-14B SPL equipped with a capillary column (30 m × 0.25 mm o.d. × 0.25 µm film thickness, DB-WAX, J&W Scientific) and a flame ionization detector. A known amount of the biodiesel sample and an internal standard, methyl heptadecanoate, were diluted with n-heptane before injection and standardized following the EN 14103 method. The %FAEE content (wt. %) was defined as the ratio of the weight of FAEE obtained from GC to the total weight of the biodiesel sample. The biodiesel sample that was obtained from the optimal conditions was further analyzed for its fuel properties by the American Standard of Testing Materials (ASTM) testing methods, including the kinematic viscosity (D445), density (D1298), higher heating value (D240), flash point (D93), distillation characteristic (D2887) and cetane index (D967).

  Due to the biodiesel samples that were obtained from optimal condition having approximately 80% (m/m) FAEE content, the samples were additionally analyzed using a high-temperature GC, Varian Technology model CP3800, equipped with a capillary column (30 m × 0.250 mm × 0.1 mm, Rtx®-65TG, Restek) and a flame ionization detector to identify the other components. The temperatures of the injector and detector were kept isothermally at 360 ºC during analysis time. The column temperature was set at 150 ºC, holding for 3 min and increased to 370 ºC at a heating rate of 15 ºC min-1. Furthermore, gas chromatography coupled with mass spectrometry (GC-MS), a Shimadzu model QP2010 equipped with a capillary column (30 m × 0.25 mm × 0.25 mm, DB-5ms, J&W Scientific), was employed to qualitatively analyze the degradation products observed at temperatures over 300 ºC. The injection port, ion source and interface temperature were 250, 200 and 230 ºC, respectively. The column was held at 50 ºC for 5 min, increased to 200 ºC at 15 ºC min-1 and was then held constant at 200 ºC for 35 min.

   

  Results and Discussion

  RPO and UPO characterization

  The RPO and UPO samples were analyzed by the standard methods as described in the experimental section. The analytical results are shown in Table 1. Used oil is mostly sold to local biodiesel producers including private and public companies for approximately 0.42-0.58 USD per kilogram.

  
    

    [image: Table 1. The physical and chemical properties]

  

  The fatty acid profile and molecular weight of UPO differs slightly from RPO due to chicken fat contamination. Chicken fat dissolved into RPO beyond the frying process, increases the levels of oleic and linoleic acids in UPO. Consequently, the UPO has a higher degree of unsaturation than RPO, which corresponds to a higher iodine value (Table 1). Because of the higher levels of UFAs, the molecular weight of UPO is slightly lower than that of RPO.

  The acid value of UPO is commonly higher than the RPO because hydrolysis commonly occurs during the cooking process.13 The excess amount of FFA shows catalytic activity in supercritical methanol as reported elsewhere.14 The ester content in the biodiesel samples obtained from RPO and UPO should be the result of increased levels of FFA.

  The water content in both RPO and UPO samples was very low because the samples were settled several days before sampling the top layer. The viscous bottom layer is likely to contain a higher water content, although the small amounts (less than 1% by weight) precluded analysis. Thus, because of the small amount of water and the supercritical reaction conditions, the effects of water content can be ignored in this study.

  Kinematic viscosity and density of UPO are slightly higher than those of RPO as a result of hydrolytic and polymerization reactions.15 It should be noticed that the polymerized glycerides could not be converted to FAEE through the transesterification reaction due to the change in the chemical structure. Therefore, the lowered %FAEE content in biodiesel obtained from UPO could be expected due to higher viscosity and density.

  The effects of temperature

  The changes of FAEE with reaction temperature for biodiesel production obtained from RPO and UPO are shown in Figures 2a and b, respectively.

  
    

    [image: Figure 2. FAEE content as a function of reaction]

  

  For both oil samples, the total FAEE content steadily increases with temperature and levels off at temperatures over 315 ºC. The constant of total FAEE content appears because the degradation of ethyl linoleate (C18:2) reduces total FAEE content. It was reported that the UFAs begin to degrade at 300 ºC and reaction times exceeding 30 minutes.16 The slightly higher total FAEE content in UPO biodiesel was due to higher linoleic acid content in the UPO sample. To prevent the degradation of ethyl linoleate (C18:2), the effects of other operating parameters were accordingly investigated at 300 ºC.17 According to GC-MS results, it was found that the degradations products are varied such as ethyl esters, including ethyl undecanoate (C11:0), ethyl nonanoate (C9:0), alkane and alkene hydrocarbons (C6-C9). The GC-MS results conformed to our previous work.18

  A slow reaction rate of UFAs with supercritical alcohols has been reported in the literature.19,20 Since UPO has higher levels of UFAs than RPO, lower reactivity of UPO was to be expected. The effect of UFAs on rate of reaction is reduced by the catalytic effect of FFA in UPO as mentioned in the RPO and UPO characterization section.14 Therefore, the reaction rate of UPO is slightly slower than that of RPO due to the antagonistic effect of UFAs and FFA.

  Because the UFAs have low reactivity, the high operating temperature requires enhancing the rate of reaction in the catalytic-free process. However, the UFAs tend to degrade at temperatures over 300 ºC and then lowered %FAEE content would be obtained.16 This contradiction is a great barrier for the catalytic-free SCE process to achieve the 96.5% (m/m) FAEE content to comply with the international standard for biodiesel (EN14214). According to the literature as summarized in Table 2, the reported %FAEE content were below the 96.5% (m/m) at their optimal conditions.
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  The assistive techniques that keep the catalyst-free concept, such as the addition of co-solvents, the two-step or the Saka-Dadan process14 and the dual-reactor process,27 could be employed to enhance the FAEE content. On the other hand, addition of heterogeneous catalysts such as CaO and MgO has also been reported as techniques to maximize FAEE content using the SCE process.28,29 However, it was reported that the FFA in feedstock somewhat poisons those heterogeneous catalysts.30,31

  Effects of pressure

  According to Figure 3, it is clear that the change of the total FAEE content for both RPO and UPO samples is similar. As a result of a higher reactivity of RPO (see The Effects of Temperature section), total FAEE content in biodiesel obtained from RPO is higher than that in UPO biodiesel for all conditions. The comparison of the results with da Silva et al.,22 who investigated effects of pressure at temperature of 300 ºC and ethanol:oil molar ratio of 20:1 is illustrated in Figure 3. It was found that the total FAEE content observed in this work is higher than that reported by da Silva et al.22 due to a small level of UFA and high ethanol:oil molar ratio.

  
    

    [image: Figure 3. Effect of pressure on total FAEE content]

  

  The operating pressure insignificantly affects the tendency of both RPO and UPO curves in Figure 3 because it influences reactivity of SCE less than temperature does, since the reactivity of SCE is dominated by its acidity, which reversely depends on the degree of hydrogen bonding. The study of the proton nuclear magnetic resonance (NMR) chemical shift of ethanol demonstrated that, below the critical pressure, hydrogen bonding of ethanol suddenly drops when temperature reaches the critical temperature. Above the critical pressure of ethanol, hydrogen bonding gradually decreases with temperature, but rises sharply when pressure exceeds the critical pressure. However, hydrogen bonding remains virtually constant with increasing pressure, especially above 300 ºC.32

  Effects of ethanol:oil molar ratio

  The change of total FAEE content with ethanol:oil molar ratio is illustrated in Figure 4. Because the critical point of vegetable oil and ethanol mixture is reduced when the ethanol:oil molar ratio increased, the FAEE content is enhanced at constant temperature and pressure.33 On the other hand, an excessive ethanol:oil molar ratio also lowers the density of reaction mixture. Consequently, in the continuous flow system, the lowered density requires a large reactor volume for a sufficient residence time to achieve complete conversion. Since the total FAEE in biodiesel sample obtained from both RPO and UPO at ethanol:oil molar ratios of 30:1 and 40:1 are similar, the optimal ethanol:oil molar ratio is 30:1 to avoid excess alcohol used in the SCE process.
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  When the ethanol:oil molar ratio is more than 30:1, the FAEE content in UPO biodiesel increases slower than that in RPO biodiesel because the FFA concentration in UPO was diluted by ethanol. Because the FFA in UPO performs as an acid catalyst as mentioned in the effect of temperature section, the rate of reaction is reduced following addition of excess ethanol. Furthermore, the high level of UFAs also reveals the lower reactivity of UPO. The results found in this work are higher than that reported by Gonzalez et al.25 because UPO has a high FFA concentration and a low level of UFAs. Therefore, the FAEE content in the resultant biodiesel is approximately 5% lower when using UPO instead of RPO as feedstock.

  Effects of residence time

  The effects of residence time are illustrated in Figures 5a and b, respectively. The total FAEE content in RPO biodiesel steadily increases until 60 min of residence time (Figure 5a), while the total FAEE content in UPO reaches the maximum value at 30 min of residence time (Figure 5b). This behavior reveals that the catalytic effect of FFAs in UPO is reduced because the FFAs are consumed by the esterification in the SCE process. Although the by-product of esterification is water, the hydrolysis reaction also takes place and generates fresh FFA molecules; however, the hydrolysis reaction rate is much slower than the rate of esterification and transesterification reactions at 300 ºC and 30.0 MPa.14
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  Fuel properties of biodiesel samples

  The fuel properties of samples obtained from the optimal conditions (300 ºC, 30.0 MPa and 30:1 ethanol:oil molar ratio) were analyzed. The analytical results and the European biodiesel specification are shown in Table 3.
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  It is clear that the ester content of both samples lies outside the limits of the European specification. Although the ester content of 96.5% is required in many biodiesel specifications, including the European (EN 14213 and EN 14214), US (ASTM D6751), Japanese (JASO M360), Thai (TIS 2313-2549) and South African (SANA 1935) biodiesel standards, this is not specified in some countries, such as India and Brazil.34 India and Brazil are interested in blending biodiesel with petrol-diesel fuel to use in automobiles,35 while the other countries expect to use pure biodiesel (B100) in the vehicles. According to the high-temperature GC results, the other components in RPO and UPO biodiesel obtained from optimal conditions were the unreacted glycerides, mainly diglycerides and monoglycerides.

  The viscosity of RPO biodiesel is also out of the range for the European specification, whilst the viscosity of UPO biodiesel lies within the specification range. A viscosity range of 3.5-5.0 mm s-2 is mostly specified in biodiesel standards, such as the European, Japanese, Thai, Austrian and South African standards. However, ranges of viscosity in the US and Indian specifications are between 1.9-6.0 and 2.5-6.0 mm s-2, respectively. In addition, the limit of viscosity range is not specified in the Brazilian specification, but it needs to be reported.34 Thus, the viscosity of RPO biodiesel lies within the ranges of those specifications. The viscosity of blended fuel can be adjusted by the proportion of biodiesel and petro-diesel, as demonstrated in the literature.36,37 For example, 20% (v/v) of the RPO and UPO biodiesels obtained in this work could be blended with 80% (v/v) of common petrol-diesel, which has a viscosity of 3.0 mm s-2, to give B20 fuel that has an approximate viscosity of 4.0 mm s-2.

  The density, the cetane index and the flash point of both biodiesel samples are within the limited values of EN14214 specification. The heating value is not specified in the standard of biodiesel for vehicles, but its minimum limit is 35.0 MJ kg-1 for biodiesel as heating oil in the European standard (EN 14213). Thus, the UPO biodiesel is not appropriate for use as a heating oil due to its relatively low heating value.

   

  Conclusions

  The comparative study of biodiesel feedstocks, RPO and UPO, was successfully conducted. The ester content of the resultant biodiesel decreased due to higher UFAs in UPO. Biodiesel samples derived from both RPO and UPO could be used as an alternative fuel after slight improvement in their viscosity characteristics. Not only the FFA content in used cooking oil is important, but also the amount of UFAs in considering the operating conditions, especially temperature, for biodiesel production under the SCE process. Due to differences in degree of unsaturation, biodiesel production under the SCE process reached equilibrium at 30 and 60 min of reaction time for UPO and RPO, respectively. Thermal degradation of UFAs was not observed at 300 ºC and 90 min of reaction time. According to the fuel properties of biodiesels, both RPO and UPO biodiesels obtained from the SCE process should be blended with petro-diesel fuel before use in vehicles.
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Figure 4. Chronoamperograms obtained at DDECNPE in 0.1 mol L+* phosphate buffer solution (pH 7.0) for concentration of IP: 0.0, 0.1, 0.2, 0.4, 0.6,

0.8 and 1.0 mmol L. Insets: (a) plots of current vs. ime™"* obtained from chronoamperograms; (b) plot of the slope of the straigh lines against the IP
concentration and (c) dependence of I/I, on time™” derived from the data of chronoamperograms.
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lable 1. Dry-cured ham charactenstics

Dry-cured ham Pig Pig breed Pig feed Ripening time / month
Parma. White Landrace, Large-White, or Duroc Grain, nut and whey. 131018
Serrano White Landrace, Large-White or Duroc Grain 121020
Cebo Therian Black Iberian Grain ca.24
Recebo Therian Black Iberian Grain and bellota ca.24
Bellota Tberian Black Iberian bellota ca.36
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fable 2. Determ:

n of I, AC and FA 1n synthetic solutions using DDECNPE by standard addition method

b Synthetic solution / (umol L) Found:/ (umol L) Recovery / %
'""' [ AC FA P AC FA P AC FA

1 10 0 0 103 - - 103.0 - -

2 20 0 0 201 - - 100.5 - -

3 0 10 0 - 97 - - 970 -

4 0 20 0 - 206 - - 103.0 -

5 0 0 10 - - 96 - - 96.0
6 0 0 20 - - 210 - - 1050
7 10 10 10 97 102 103 970 1020 1030
8 20 20 20 202 204 193 1000 1020 965

“Mean value for five replicate measurements.
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Figure 2. TI-EASI(+)-MS of (a) Parma; (b) Serrano; (c) Cebo; (d) Recebo
and () Bellota hams.
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Table 3. Mamn IAG of dry-cured hams obtained by T1-EASI(+)-MS

TAG ACN/DBN®  [TAG +Na]*m/z  Parma/% Serrano / % Cebo /% Recebo / % Bellota/ %
PPL 50:2 853 461075 2732129 313x1.53 276186 144146
PPO 50:1 855 302083 2522105 202150 214:1.63 097043
PLL/POLn 524 877 2822062 4572185 317099 1.58£0.99 0782081
PLO/PSLn 523 879 17.05+2.08 21512423 1800353 1371184 1109 £251
PSL/POO 522 881 4783+375  4197=803 51972399 5537612 54442304
PSO 521 883 11.03+2.08 12,66 +3.76 905305 11.00+3.12 831195
LOO/SLL/SOLn 544 905 2.66+0.65 5552292 257+097 221= 111 369117
000/SOL/SSLn 543 907 746+ 1.04 6842204 699249 7342217 1514 = 1.83
SOO/SSL 54:2 909 3.50+0.98 1.66 =130 311+153 388138 4152124

“FA abbreviations: P = palmitic acid, O = oleic acid, L = linoleic acid, Ln = linolenic acid, and § = stearic acid; "acyl carbon number/double bond number
of the three FA moieties. Data are expressed as mean percentage = SD.
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Table 2. FA composition of dry-cured hams determined by GC-FID

Fatty Acid Parma/ % Sermano/ % Cebo/ % Recebo / % Bellota/ %
C10:0 017001 nd. 042008 nd. nd.
C12:0 045011 nd. 120£0.16 1222032 nd.
C14:0 1742002 1412010 1292036 2622076 1432013
Cl6:0 2105230 22652089 22282085 24102006 1899+ 191
Cl6:1 2522014 2012015 223017 3072031 277048
C17.0 026003 0342008 039007 060003 0400.00
CI7:1 0242002 030001 036006 0602007 0532004
Cl8:0 1002+ 181 11832076 1098044 10,66 = 1.31 663076
Cis:1 4818336 44452276 4801+ 1.33 4691 %136 50012307
clg:2 13.38:£0.08 13832 1.67 10632129 8402100 7.05£0.12
Cl8:3 0722002 089004 065026 102001 0.66+0.03
C20:0 0.08=0.00 047006 026005 021021 nd.
C20:1 001=0.14 089006 069007 058005 1.0020.11
C20:4 029007 0940.13 061001 nd. 0.5420.05
Data are expressed as mean percentage = SD: n.d. = not detected.
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Figure §. Differential pulse voltammograms of DDECNPE in 0.1 mol L-* phosphate buffer solution (pH 7.0) containing different concentrations of IP
AC and FA. (from inner to outer) mixed solutions of 50 + 50+ 67; 100 + 100 + 133; 200 + 200 + 267; 400 + 400 + 533; 600 + 600 + 800; 900 + 900 +
1200 and 1200+ 1200 + 1600 umol L, respectively, in which the first value is concentration of IP in pmol L, the second value is concentration of AC in

pmol L-* and the third value is concentration of FA in pmol L. Insets: (a) plot of the peak currents as a function of IP concentration; (b) plot of the peak
currents as a function of AC concentration and (c) plot of the peak currents as a function of FA concentration.
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Figure 1. TLEASI(-)-MS of (a) Cebo and (b) Bellota hams.
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Table 1. Comparison of some electrochemical procedures used in the determination of IF

Electrode Modifier pH meﬁ; ! D‘:f::;"ﬁf')‘“' Peak potenial Ref.
GCE DDF 70 0.1-1300 0028 250 16
CPE SADB® 70 04900 02 215 7
CPE P-chloranil 105 0015100 0009 250 41
GCE Poly(l-methylpymole)}DNA 40 20-50 016 34 2
CPE DDECNPE 70 00502000 002 256 This work

“0-(1,3-dithiolan-2-y1)-6,7-dihydroxy-3.3-dimethyl-3 4-dihydrodibenzob.d]furan-1(2H)-one; *5-amino-3" 4'dimethyl-biphenyl-2-ol: I-(4-(1 3-dithiolan-
2-y1)-6,7-dihydroxy-2-methyl-6,7-dihydrobenzofuran-3-yI) cthanone of IP concentration; (b) plot of the peak currents as a function of AC concentration
and (c) plot of the peak currents as a function of FA concentration.
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Figure S3."H NMR spectrum (300 MHz, CDCL) of compound 3b.
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lable 2. Thermal behavior of nanocomposites and their components

. Sample

‘Thermal event  Variable S 5 = G

1= Maximal decomposition temperature / °C 80.5 815 814 80
Weight loss / % 32 39 32 39

2 Maximal decomposition temperature / °C 146 - 1283 1578
Weight loss / % 107 - 67 169

3 Maximal decomposition temperature / °C 282 2084 3014 2037
Weight loss / % 445 3.1 39.1 459
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Figure S4.'H NMR spectrum (300 MHz, CDCL,) of compound 3a.
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gure 4. Scanning clectron microscopy images of: (a) TPS; (b) BC: (0
NCS: and (d) CS.
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Figure S7."H NMR spectrum (300 MHz, CDCL) of compound Sc.
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Figure S1."H NMR spectrum (300 MHz, CDCL) of compound 2a.
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production in SCE at total flow rate of 3.5 mL min", ethanol:oil molar
ratio of 30:1 and temperature of 300 °C.
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Figure S3."H NMR spectrum (300 MHz, CDCL) of compound 2¢.
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lable J. Selected fuel properties of biodiesel samples and the European

biodiesel specification values (EN14214)

Biodiesel sample  Limits
Properties
RPO  UPO Min Max
Ester content / wi.% 801 734 965 -
Kinematics viscosity at 40 °C/(mms?) 55 45 35 50
Density at 15 °C/ (kg m*) 870 871 860 900
Cetane index 3 02 s -
Flash point/ °C 175176 120 -
Heating value / (MJ k") 6 03 - -
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lable 1. Nanocomposite reinforcement

Fermentation Wele. Wic/g. BC/%
time / day dry basis dry basis

7 007=013 016001  1660=153
10 1012010 0172001 170220,

13 116018  022+001 1876+ 2.
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Figure S2.'H NMR spectrum (300 MHz. CDCL.) of compound 2b.
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Figure 3. FAEE content as a function of residence time at ethanol:oil molar
ratio of 30:1. temperature of 300 °C and pressure of 30 MPa.
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lable 2. Results of the mean prediction errors and model parameters for the discrimination per type

Pen types v RMSEC RMSEC,.* OutCAL: RMSEP RMSEP_¢ OutVAL® Bias” D.Te D‘:]'; 7';’"
Erasable 2 0058 0055 2 0078 0.061 37 0131 0390 000
Ballpoint 2 0.105 0.102 2 0154 0119 41 0031 0435 029
Gel 2 0125 0122 2 0.136 0110 3 0040 0470 059
Feli-tip 4 0163 0.146 36 0163 0.129 39 0174 0416 074
Rollerball 2 0142 0133 2 0.164 0123 37 0122 0385 147
Fountain 6 0119 0.104 2 0112 0,087 40 031 0316 059
“Latent variable number; "RMSEC,_ root mean square crror of calibration with bias corrected; “number of outliers in the calibration set; ‘RMSEP, .

root mean square error of prediction with bias corrected: snumber of outliers in the validation set; Bias: systematic bias; liscrimination threshold;

bdiserimination errors in the validation set before the exclusion of outliers
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Scheme 1. Chemical crosslinking using carboxylic acids, where R, and R, can be either cellulose or starch.
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Iable 2. Detection limits, 1n pg L, obtained upon operating the spray
chamber of the ICP-MS instrument at atmospheric pressurc and applying
a suction flow-rate of 0.3 L min*

Analyte Atmospheric pressure Low pressure
As ol ol
cd 002 002
Cr 006 [
Cu 001 001
He 02 02
Mg 03 07
Mn 003 004
Pb 001 002
Se 03 03

4 0.1 01
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Table 1. Regio-controlled Sonogashira cross-coupling of 1,3,5-tribromobenzene 4 with I-ethynyl-4-(octyloxy)benzene 3¢

0"CgHqz 0"CgHy7

Q. |
B
Br Br PdCI{PPhg),, Cul

. EN/H,0/PhMe. i N
60 °C, Argon B ~F g
sc

entry Solvent EGN/ equiv. - P
1 Toluene/water (1:1) 4 74 2
Toluene/water (1:1) 3 80 5]

Toluene/water (1:1) 2 90 8

Toluene 2 62 3

Water 2 70 s

Toluene/water (1:1) 1 78 18

Toluene 1 45 9

bromide 4/alkyne 3¢/PdCL(PPh,), (mol%)/Cul (mol%)/solvent (mL):

thermal heating under argon atmosphere at 60 °C.
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igure 2. FAEE content as a function of reaction temperature at total
flow rate of 3.5 mL min", ethanol:oil molar ratio of 30:1 and pressure
of 20 MPa
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Figure 4. Evaluation of the memory effect for *Hg using a solution
containing 10 pg L of the analyte in 0.14 mol L' HNO, under different
operating conditions of the spray chamber: (a) without suction (b) without
suction + washout step with water; (c) suction rate of 0.3 L min’ and
(d) suction rate of 0.3 L min’ + washout step with water. The relative signal
refers to the signal obtained in the first measurement (i.c.. at ‘time zero’)
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Table 1. The physical and chemical properties of RO, UPO and chicken fat

Fatty acid Carbon Degree of MW/ RPO/ UPO/ Chicken fat /
number unsaturation (g mol) W% wi% wt.0
Lauric acid 12 0 200 046 083 e
Myristic acid 14 0 28 122 124 e
Palmitic acid 16 0 256 4794 4241 210
Stearic acid 18 0 284 423 234 55
Total saturated fatty acids 27 21 31
Palmitoleic acid 16 1 254 nd. nd. 71
Oleic acid 18 1 282 37.00 4146 485
inoleic acid 18 2 280 915 1416 173
Total unsaturated fatty acids (UFAs) 61 n7 149
Molecular weight / (g mol ) 928 914 nr
lodine value / (g per 100 2) 53525 68525 nr
Acid value / (mg KOH g”) 02 11 e
Water content / (g per 100 g) 00 [ e
Kinematic viscosity / (mm s?) 318 450 e
Density / (g em?) 0904 0916 nr

‘ot detected: n.r.- not reported.
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igure S1. Evaluation of the memory effect for **Hg using a solution containing 10 g L of the analyte in 0.14 mol L' HNO, under different suction
flow-rates: (a) suction flow- rate of 0.1 L min'; (b) suction flow-rate of 0.2 L min" and (c) suction flow-rate of 0.3 L min". The relative signal refers to the
signal obtained in the first measurement (i.c.. at ‘time zero’).
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Table 3. Results for the mean prediction errors and discrimination parameters for the ballpoint ink pens
Pen brands Lv RMSEC RMSEC,* OutCAL® RMSEP RMSEP,¢ OutVAL®  Bias' DT D‘:; o
b-1 4 0.145 0.134 14 0.142 0.110 18 0.158 0303 1.00
b2 3 0.149 0138 9 0.138 0.105 15 0.145 0422 050
b3 2 0138 0129 6 0.129 0.103 8 0.135 0459 000
b4 2 0.000 0087 4 0.086 0072 15 0056 0383 000
b5 2 0.148 0138 5 0.134 0112 15 0.135 0462 025
b6 2 0.164 0.149 3 0.159 0119 14 0.181 0452 075
b7 3 0171 0156 1 0135 0119 7 0.151 0451 000
b8 2 0.143 0134 5 0.144 0.106 2 0.126 0425 125
b9 6 0.170 0.150 1 0.143 0120 14 0.176 0415 050
b-10 4 0131 0122 10 0.121 0.095 1 0.123 0457 075
b-11 3 0118 0114 2 0.102 0086 1 0069 0434 025
b-12 4 0116 0.105 35 0.126 0.098 2 0206 0386 000
b-13 2 0.096 0004 6 0093 0074 1 0056 0467 025
b-14 4 0,007 0095 10 0093 0074 3 0.068 0467 025
b-15 3 0127 0118 8 0125 0.101 2 0137 0459 025

“Latent variable number; "RMSEC, . root mean square error of calibration with bias corrected: “number of outliers in the calibration set; ‘RMSEP, _:
root mean square error of prediction with bias corrected: “number of outliers in the validation set; Bias: systematic bias; *D.T.: discrimination threshold;
bdiserimination errors in the validation set hefore the exclusion of outliers
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Table 3. Concentrations, 1n pg g7, obtained by ICP-MS in certified reference matenals using the low pressure spray chamber (n =9; mean + confidence
interval at a 5% statistical level)

DOLT-4 TORT2 SRM 1575 BCR 186 DORM-3.
Analyte — ited Found Certified Found Certified Found Certified Found Certified Found
As 066062 89=14  206=18 209262 0212004 02=01 0063009 <LOQ 168803 17.6%07
cd 24308 23262628 26706 2806538 <05 0192001 271005 2742010 0292002 036008
Cr - 24209 0772015  16+05  26%02 3001 - 15£0.1 1892063 34202
Cu 312211 35152906 10610 114582195 30=03  337£008 31.9£04 3321=174 15502063 1652131
Hg 2582022 22x02  027£006 02x01 0152005 <LOQ 1972004 1901 0382006 04=0.1
Mg - 1170321365 - 1063.5 = 187.7 - 1048352 - 76112112 - 8643456
Mn - 0772134 136212 13262469 675215 678551813 85203  880x031 - 3752025
Pb 0162004 0122007 0352013 0342027 10805 10382043 0306+0011 031£002 0395+005 043006
Se 83213 86%06 5632067 69%29 - 0402 103205 103202 - 48205

v - L1206 1642019 19206 - 04201 - 08202 - 27201
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Table 2. Regio-controlled Sonogashira coupling of 1.3.5-tribromobenzene 4 with I-ethynyl-4-(alkyloxy)benzenes 3a-c
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3 nCH, (5090 (68
“Conditions: bromide 4/alkynes 3a-c/PAC1(PPh,), (mol%)/Cul (mol %)/EL,N (equiv.)water (mL)/toluene (mL): 1., thermal heating under argon

atmosphere at 60 °C.
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fable 2. The optimal condition of this work comparing to the other works on continuous production of biodiesel in SCE

Vegetable oil T/°C P/MPa Molar ratio GFAEE content Reference
Soybean 300 200 1:30 700 Vieitez et al.?!
Soybean 325 200 1:20 ca. 70 daSilva et al®
Castor 300 200 1:30 750 Vieitez et al.®
Sunflower 345 160 1:40 91.0 Velez et al.*
Sunflower* 200 200 1:25 ca. 80 Santana et al.**
Waste soybean oil* 300 200 1:20 822 Gonzalez et al.
Used soybean oil* 325 200 ca. 118, ca. 73 Abdala et al.®
Palm ol 300 300 1:30 80.1 This work
Used palm olein 300 30.0 1:30 734 ‘This work

:3 molar ratio of ethanol: CO, was added as co-solvent; *10% (m/m) of water was added to enhance the reaction; 20% (m/m) of n-hexane was added
s cosolvent
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izure 4. Cyclic voltammetric responses for 1% acetaminophen dissolved
in the nanocarbon paste in PBS (pH 7.5) at 100 mV ™. Three scans with
the same paste.






OPS/images/a21img20.png
e

160 140 120 100 80 60 a 20 ppn

Figure S16. °C NMR spectrum (75 MHz. CDCL.) of compound 10.
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Figure 3. Square wave voltammograms of the APAP oxidation (a) and NAPQI reduction (b) in a presence of different concentrations of glutathione
(a) 0-5 umol L' and (b) 0-7.2 umol L~ at nanocarbon paste electrode. [Acetaminophen] = 10 pmol L',
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Figure 6. Cyclic voltammograms of 4-aminophenol solution in PBS
(pH 7.5) using nanacarbon paste clectrode at different scan rates
(50-400 mV s-'). [4-aminophenol] = 0.2 mmol L-
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Figure 5. Calibration curve for glutathione at (a) 0.3%. (b) 0.6%, () 1%,
(d) 2%, (¢) 4% and () 10% acetaminophen dissolved in nanocarbon paste
electrode in PBS (pH 7.5) at 100 mV s-
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Scheme 2. Nanocarbon paste electrode.
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Figure S12.°C NMR spectrum (75 MHz. CDCL) of compound 7.
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Figure 7. Estimated class values for calibration and application sets. (a) Images of uncharacterized pieces of the analyzed document; (b) absorbance spectra
of the inks present in the pages analyzed; (c) discrimination of the inks by the PLS-DA model for discrimination of ballpoint ink pens from the other types:
(d) discrimination of inks by the ballpoint brands. (===) Discrimination threshold.
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Figure S11."H NMR spectrum (300 MHz, CDCL,) of compound 7.
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lable 3. Results for the mean prediction errors and discru

lon parameters for the non-ballpoint ink pens: gel, felt-tip and rollerball

Pen brands Lv RMSEC RMSEC,.* OutCAL: RMSEP RMSEP_¢ OutVAL®  Bias' DT: D‘:]'; 7';’“
el 2 0.045 0.045 3 0046 0036 5 0003 0400 000
g2 2 0.160 0.155 2 0152 0117 5 0056 0518 056
) 2 0118 0118 3 0.181 0113 18 0013 0498 056
o4 2 0042 0041 0 0042 0034 4 0002 0360 000
) 3 0.148 0.145 0 0.147 0118 9 0036 0522 056
&6 2 0.146 0.143 3 0137 0.105 12 0045 0.548 056
&7 2 0125 0123 2 0124 0009 7 0028 0550 056
&8 2 0.069 0.067 18 0090 0058 7 0065 0364 000
&9 2 0.140 0138 2 0164 0.110 15 0028 0462 L1
fi-l 2 0071 0070 2 0067 0055 6 0024 0464 000
fi2 2 0.066 0.065 1 0059 0052 6 0026 0575 000
fi-3 3 0082 0,080 3 0074 0.067 8 0033 0530 000
fid 2 0.087 0.085 0 0070 0.064 3 0034 0543 000
fi-s 3 0112 0.110 4 0007 0,088 5 0062 0529 000
el 2 00592 00589 0 0044 0041 2 0008 0.590 000
-2 2 01250 01228 0 0090 0082 3 0032 0469 000
-3 3 00729 00710 21 0076 0063 3 0052 0442 000
4 4 01054 01024 1 0002 0078 5 0055 0416 045
= 2 00404 00402 3 0042 0035 7 0008 0304 000
-6 2 00634 00492 2 0055 0046 4 0015 0394 000

“Latent variable number; "RMSEC,,_: root mean square error of calibration with bias corrected; “number of outliers in the cal
root mean square error of prediction with bias corrected; snumber of outliers in the validation set; Bias: systematic bias;
bdiserimination errors in the validation set before the exclusion of outliers

bration set; ‘RMSEP,
iscrimination threshold:
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igure 2. Calibration curve: () oxidation peak and (b) reduction peak against glutathione concentration using a nanocarbon paste electrode.
[Acetaminophen] = 100 umol L.
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Figure S14. "C NMR spectrum (75 MHz. CDCL) of compound 8.
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Figure 1. Cyclic voltammograms of 100 pmol L+ acetaminophen solution

in PBS (pH 7.5) in the absence (a) and presence of 50 pmol L (b) and

100 pmol L+ (¢) glutathione using nanocarbon paste electrode. Scan
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Figure $9."H NMR spectrum (300 MHz, CDCL.) of compound 6c.
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Figure S8.°C NMR spectrum (75 MHz, CDCL) of compound Sc.
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Scheme 1. Electrocatalytic reaction between quinone and glutathione.
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Figure S3. Representative stress-strain curves of the nanocomposites.
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Figure S10.°C NMR spectrum (75 MHz. CDCL.) of compound 6¢.
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Figure 4. Voltammograms for Sn** determination in three different
electrolytes: (a) 1 mol L' PIPES; (b) 0.2 mol L HCI with citric acid;
() 0.2 mol L' HCI. The concentration used in the polarographic cell in
each analysis was 17 mg L
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Figure 3. Voltammogram for Sn* determinations at 0.1 mol
The concentration used in the polarographic cell was 50 mg L-
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Table 1. Decay of the current of Sn™ 1, 2, 13 and 23 days after preparation
of solution for reading

time / day Current (riplicate) / nA
1184
1 1175
1171
071
2 961
959
190
13 -830
814

23 nd.

ot determined.
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Figure 5. Voltammogram for Sn* at 1 mol L' HCI. The concentration
used in the polarographic cell was 17 mg.






OPS/images/a21img32.png





OPS/images/a11img13.png
Current density / (A cm”)

04 02 00 02 os 0s
Potential |V vs SCE

igure 10. Cyclic voltammograms in PBS (pH 7.5) (a) in the presence of
0.2 mmol L+ solution of 4 amino-2,6-diphenylphenol (b), after scan in
4-amino-2.6-diphenylphenol solution (c) and after polishing the electrode
at nanocarbon paste electrode (d).
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izure 9. Square wave voltammograms in PBS (pH 7.5) (a) in the presence
of 40 umol L+ solution of 4 2,6-dichlorophenol (b), after scan in
4-amino-2,6-dichlorophenol solution (c) and after polishing the electrode
at nanocarbon paste electrode (d).
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Figure 2. Voltammograms for S’ determinations in EDTA and NaOH: (a)
0.1 mol L' EDTA: (b) 1 mol L* NaOH. The concentration for S used
in the polarographic cell in each analysis was 50 mg L', Sn®* standards
were also added at 50 mg L.
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Figure 1. Voltammogram for Sn®* and Sn‘* determination at 1 mol L
KCI: (a) Sn®; (b) Sn*. The concentration of the clements used in the
polarographic cell in cach analysis was 50 mg L. The detection of Sn*
and Sn* occurred at the same potential (_0.40 V).
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Figure 7. Square wave voltammograms of the 4-quinoneimine in a
presence of different concentrations of glutathione (0-14.8 pmol L~
at nanocarbon paste electrode. Inset: analytical curve obtained.
[4-aminophenol] = 20 umol L.
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Figure 8. Square wave voltammograms of different concentrations of
glutathione at nanocarbon paste electrode. Inset: analytical curve oblained.
[4-amino-2.6-dichlorophenol] = 40 pmol L-
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Figure 8. Voltammograms for Cu, Sn** and MIBI radiopharmaceutical at
1 mol L HCL. (a) Cu™; (b) Cu** and Sn’*; (c) MIBI radiopharmaceutical.
The concentration used in the polarographic cell was 5 mg for Cu® and
17 mg for Sn*. The potential readings were initiated at 0.0 V to permit
observing the peak for Cu®*.
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Figure 3. Cyclic voltammograms of DDECNPE in 0.1 mol L' phosphate
buffer (pH 7.0) containing 0.25 mmol L-'IP at different scan rates. The
numbers 1-6 correspond to 5, 10, 20, 30, 40 and 50 mV s scan rates,
respectively. Insets: (a) variation of the electrocatalytic currents versus the
square root of scan rate; (b) variation of the scan rate normalized current
(1,/¥"*) with scan rate and (c) Tafel plot, derived from the current potential
curve. recorded at the scan rate of 20 mV s-'.
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Figure 2. Cyclic voltammograms of (a) CPE in 0.1 mol L' phosphate buffer
solution (pH 7.0) at scan rate 20 mV s~ and (b) as () 0.50 mmol L IP;
(¢) as (a) and (d) as (b) at the surface of DDECNPE and DDECPE

respectively. Also, (¢) and (f) as (b) at the surface of DDECPE and
DDECNPE. respectively.
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Figure 3. Effect of concentration of amino acid on the k ,_ values at 27 °C
(Conditions as in Table 1) (® Glycine, l Alanine ).
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. Robustness evaluation of the method

Test (n=5) STm;d:?:I (mmsi":é‘;}':“g Ly PrecisionCV/%  Accumcy/%
Electrolyte concentration 0.9 mol L' HCI (pH 0.130) 15 1598 £0.75 471 106.53
1.1 mol L HCI (pH 0.010) 15 1576 £ 1.51 9.61 105.03
Water not nitrogenated 15 18.04+242 1342 120.29
Deposition time 30s 15 9.46+1.73 1829 63.09
60s 15 13.83+245 17.74 92.18
Different operators First operator 15 1582+ 1.51 9.61 105.03
Second operator 15 15.84+0.77 491 105.59
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Figure 4. Plot of (1/k,,,) against [H] (Conditions as in Table 2)
(# Glycine. B Alanine).
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lable Z. Intra and inter-assay accuracy and precision of the method

Sn** added / (mg L) Sn** found (mean +SD)/ (mg L") Precision CV / % Accuracy / %
Intra-assay (n=5) 10 1054+039 371 105.44
15 1584078 491 105.59
20 2120061 2.90 105.98
50 5020+2.83 280 10001
Inter-assay (n=5) 10 1042£026 248 104.15
15 15.67+049 316 104.50
20 2158078 3.64 107.92

50 5052+0.52 1.03 101.04






OPS/images/a13img01.png
100

Current peak / yA

8
-
§ <
&
Bu
z
302
g
5 y=oosemsostov,
1., Weowms e
g% o 2
-100 L
015 075 165
Potential /V

igure 1. Cyclic voltammograms of DDECNPE in 0.1 mol L phosphate
buffer (pH 7.0), at various scan rates: the numbers 1-14 correspond to
10,20, 40, 60, 80, 100, 200, 300, 400, 500, 600, 700, 800 and 900 mVs"
scan rates, respectively. Insets: (a) Variations of peak currents versus scan
rates; (b) variation of peak potentials versus the logarithm of the scan rate;
() plot of E° of DDECNPE versus pH.
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Figure 9. Linearity test of the method represented by three calibration
curves
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Figure $3. Plot of log k.., against (1/T) for calculation of activation encrgy
for oxidation of glycine and alanine by Oxone® catalyzed by bromide
(conditions as in Table 3).
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Figure S4. Plot of log (k ./ T) against (1/T) for calculation of activation

enthalpy for oxidation of glycine and alanine by Oxone® catalyzed by
bromide (conditions as in Table 3).
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Figure S1. Proton NMR (CDCl.. 300 MHz) of the 2.4-DNP derivative of formaldehyde. (Product of oxidation of Glycine by Oxone® catalyzed by bromide).
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Figure S2. Proton NMR (CDCL., 300 MHz) of the 2.4-DNP derivative of acetaldehyde. (Product of oxidation of Alanine by Oxone® catalyzed by bromide).
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Figure 7. Voltammogram showing the specificity of the analysis for Sn*

at 1 mol Li" HCL. For this parameter, MIBI radiopharmaceutical kits and

excipients without Sn** were analyzed.
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Table 1. List of the black ink pens studied according to type, brand and model

Type Brand/model Code
Acrilex bl
Bic Cristal (1.0 mm) b1
Bic Cristal (0.8 mm) b22
Bic Cristal (1.2 mm) b23
Bic Cristal (1.6 mm) b24
Bic Diamante b25
Bic Adlantis b26
Bic Cristal pocket b27
Ballpoints Bic Eco solutions b28
Cis RT-Grip (1.0 mm) b3l
Cis Silver stick (1.0 mm) b32
Cis Speed (1.0 mm) b33
Cis Prime (1.0 mm) b34
Cis NeoTip (1.0 mm) b35
Cis Tekball (1.0 mm) b36
Compactor Economic (1.0 mm) b4
Faber Castell (1.0 mm) b5
Erasable Paper Mate, Erasable el
Fountain Zoot, Dakota 1
Faber Castell el
Molin &2
Pentel 3
Tilibra 4
Gel Uni ball &5
Cis 6
Pelikan &7
Gelstick 8
Monami 9
Molin b6
Parker b7
Paper Mate Kilometrica Plus b8
Pentel BK b9
Pilot BP-S Fine (0.7 mm) b10.1
Pilot Super Grip (0.7 mm) 102
Pilot BPS Grip (0.7 mm) 103
. Pilot BPS Grip (1.6 mm) b104
Ballpoints
Stacdtler bl
Sheaffer b2
Tilibra b13
Uni-ball Lacknock (1.0 mm) b1d
Uni-ball Clifter (0.7 mm) b142
Uni-ball Click-BP (0.7 mm) b143
Uni-ball Lakubo (1.4 mm) bl44
Zoot Princess bIS
Cis il
Faber Castell 2
Felt-tip Paper Mate 3
Stacdtler =
Stabilo =)
Bic =l
Pilot -2
Parker -3
Rollerball St e
Stacdtler -5

Uni-ball =6
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Figure 6. Voltammograms for Sn* at different conditions in 1 mol L
HCI: (a) 1 mol L HCI; (b) Sn* oxidized with H,0, addition and waer
bath in | mol L' HCI; (c) Sn™ oxidized in water bath in 1 mol L' HC.
The concentration used in the polarographic cell was 17 mg L
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Figure 2. The FTIR spectra: (a) alumina and alumina modified with

8.2 mmol L SDS; (b) silica and silica modified with 0.9 mmol L

CTAB: and (c) zeolite and zeolite modified with 10.0 mmol L-' CTAB.
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lable 4. Analytical recovery with SRM 1648a

Ourmethod/ ~ SRM 1648°/  Recovery /

Blemest (mgkg)  (mgke) %
Al 5803 34300 17
Ca 59458 58400 99
Cd 60.8 737 83
Cr 66 402 16
Cu 568 610 93
Fe 22629 39200 58
K 3126 10560 30
Mg 5585 8130 69
Mn 638 790 81
Na 1638 4240 39
Ni 552 811 68
Pb 6151 6550 94
Ti 273 4021 7
\ 81 127 64

Zn 3960 4800 83
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Table 1. Influence of ditterent solvents and sorbent mass on pesticide recovery in the extraction procedure. Milk samples fortified at 1.0 pg g™ (n =3)

Method Procedure Average recovery / %
Cypermethrin Deltamethrin

A Celite™ 2.5 g: n-hexanciacetone (6:4 v/v) 18 2
B Celite® 2.5 g: n-hexanezacetone (9:1 v/v) 2% 2
c Celite® 3 g: dichloromethane-hexane (1:1 v/v) 28 2
D Celite® 2.5 g: n-hexanc:acetone:ACN* (70:26.5:3.5 viviv) 2 34
E Celite® 3 g: n-hexanciacetone (7:3 v/v) 54 7
F Celite® 2 g: pH 8-0; n-hexanesacetone (7:3 v/v) 54 2
G Celite® 2 g: n-hexanciacetone (7:3 v/v) 80 %

*ACN- acetonitrile
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Table 3. Limits of detection (mg L™) of our method and U.S. EPA 10-
3.4 method”

Element Spectral lines  Our method US.EPA
Cd 214.440 0.001 0.005
Cr 267.716 0.004 0012
Cu 327.393 0.006 0.01
Mn 257610 0.004 0.004
Ni 231.604 0.007 0014
Pb 220353 0.004 0.032
Ti 334940 0017 0.003

v 292402 0.002 0.007
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Figure 1. (a) Chromatogram of a 0.100 g ¢ standard mixture and blank
sample by GC/LECD; (b) chromatogram of the 0.100 pg g standard
mixture and blank sample by GC-MS (for operating conditions see text).
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.oure 3. The FT-IR spectra of surfactants: (a) SDS and (b) CTAB.
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Figure 1. Residue of (a) Al K, Mn and Na; (b) Ca, Zn, Ni and Pb; (¢) Cd, Cu, Cr and Fe and (d) Mg, Ti and V obtained of the 2 order polynomial
regression of the standard addition curve.
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lable 1. Mg™:Al"™ molar ratios of BC-LDH series and RBC-LDH sernes

Sample Mg/AF* molar ratio
BC-LDH I day 283
BC-LDH 6 days 234
RBC-LDH I day 274

RBC-LDH 6 days 2.60






OPS/images/a24img11.png
Table 6. Values of EPA and DHA concentrations (mg g”) determined in
three different brands of fish oil capsules

Description from  Obiained results / Recovery /

Sample label / (mg mg™') (mg mg™") %
EPA_ DHA  EPA DHA  EPA DHA
A 10500 122.00 18822162 11875070 9652 97.32
B 18000 122,00 181.012057 119.1220.85 100.56 97.64
c 18000 122.00 175,15 1.06 11621101 9731 9525

EPA: cicosapentacnoic acid; DHA: docosahexacnoic acid. All values are
mean of three replicates.
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igure 2. Residues obtained of (a) Al, Cd, Cu and Cr: (b) Fe, Mg, Mn and

iz (c) Ca, K, Naand Pb and (d) Ti. V and Zn by using 3 external calibration curves.
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Table 1. Limit of detection (mg L™) in several dilutions of the matnix

LOD / dilution 1 1:1 12 1:4 1:10 1:20 1:40
Al 35 32 33 31 32 32 32
Ca 43 45 49 46 51 54 46
Ccd 0.001 0.001 0.001 0.004 0.004 0018 0.033
Cr 0.004 0.005 0.005 0.009 0.023 0.023 0,018
Cu 0.006 0.004 0014 0.008 0.014 0.045 0.043
Fe 02 02 02 02 02 02 02
K 42 39 43 39 48 54 45
Mg 0.6 06 06 06 06 0.6 05
Mn 0.004 0.005 0.006 0.005 0.006 0.006 0.006
Na 156 130 142 132 158 154 108
Ni 0.007 0.005 0013 0014 0.020 0.048 0.068
Pb 0.004 0.02 0.03 0.03 0.05 0.08 036
Ti 002 0.02 0.02 0.02 0.02 0.03 0.03
v 0.001 0.002 0.003 0.008 0.013 0.035 0.051
Zn 49 43 45 42 44 45 44
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Figure 8. Surface area of RBC-LDH 3 days (a), RBC-LDH 6 days (b),
RLDH 3 days (c) and RLDH 6 days (d).
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lable 1. Properties of the studied surfactants

Surfactant Molecular formula Molecular structure CMC at 25 °C*/ (mmol L)
0, o
Sodium dodecyl sulfate (SDS) CH,(CH,), SO, Na \s/ 52
CH:(CH2)1|)CH10/ \O' Na*
N
Cetyltrimethyl ammonium bromide (CTAB) C H BN N B 09
cm(ommcm/ \cm

The CMCs at 25 °C were obtained from the manufacturers
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Figure 4. Changes in crystal growth of layered inorganic particles in
contact with BC.
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Figure 2. Predicted values vs. internally studentized residuals.
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Figure 1. Predicted vs. actual values for FAME (mg g of total lipids).
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Figure 6. XRD patterns of RBC-LDH 1 day (a), RBC-LDH 3 days (b)
and RBC-LDH 6 days (c) and RLDH 3 days (d). * NaCl.
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lable 5. FAME concentrations for total lipids of sardine after methylation
through Joseph and Ackman® and the method which was developed in
this work

Method
Fatty acid Developed method (A)/  Joseph and Ackman /
(mgg") (mgg)
14:0 58.62£3.00 50.68+4.62
14:1n-5 260022 2762001
15:0 851050 8942075
16:0 219.28 1050 220431376
16:10-9 960039 1076+ 0.05
16:1n-7 3656179 37.02£279
16:1n-5 308033 3312024
17:1n-11 818066 §580.10
17:0 9.000.60 913087
17:10-7 200033 2352028
18:0 4523203 44442333
18:1n-9 63792301 62752279
18:1n-7 2079103 2054294
18:20-6 trans 16332075 1626034
18:20-6 cis 269032 313033
18:30-6 12742031 12732004
18:30-3 498031 5042010
20:0 17542076 17.00£0.33
20:1n-9 13.60£0.37 1093 £0.20
20:20-7 12822020 15022025
20:4n-6 458025 476018
22:1n-9 647066 652058
20:50-3 7763321 7493073
22 1030 £0.66 10.17£0.68
24:0 664025 6562024
24:1n-9 954030 931032
22:6n0-3 181.93£5.58 17743 £ 8.68
5 FAME 865.11x621 860.58 5.3

N = 15 replicates
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Figure 5. TGA curves of pristine bacterial cellulose (a), BC-LDH
1 day (b). BC-LDH 3 days (c) and BC-LDH 6 days (d) and LDH 1 day (e).
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Figure 3. 3D response surface graph for interaction between T1 and T2 (a), contour surface graph between T1 and T2 (b). graphic showing the influence
of T1 in FAMEs (mg ¢) (c). graphic showing the influence of T2 in FAMES (mg ) (d).





OPS/images/a06img13.png
lable 2. Limits of detection and operational quantification (mg L™) for
ICP-OES

Standard  Limit of Limit of

Element AVerage  4oiidion detection quantification
Al 344 001 347 355
Ca 423 003 433 456
cd 00008 00001 00011 00018
cr 000290 00005 0.0044 00079
Cu 00046 00004 00058 0.0086
Fe 01532 00006 01550 0.1502
K 400 005 424 460
Mg 060 005 062 065
Mo 00038 00001 00041 00048
Na 1525 013 15.64 1653
Ni 00045 00008 0.0069 00125
P 00032 00002 00038 00052
T 00166 00001 00169 00176
v 00006 00003 00015 00036

Zn 482 0.02 480 5.05
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fable 53. Student t test for various dilutions of matrix

Elem. Matrix diluton Average S ulated terific Result
T Gl 12 4 60120 140 deviation
Al 569 484 504 508 431 454 462 487 045 0.12 257 same
Ca 523 414 466 4T3 415 441 446 455 038 053 - same
cd 38 415 491 467 450 460 428 s 036 02 - same
cr 410 434 S04 500 455 464 438 459 037 050 - same
Cu 437 454 534 535 4T3 482 448 480 040 022 - same
Fe 451 472 560 566 505 516 478 507 o 007 - same
K 505 402 442 461 384 413 44 431 041 075 - same
Mg 552 462 SI1 S12 453 462 464 488 037 0.4 - same
Mn 406 420 475 480 428 437 434 44l 027 098 - same
Na 77 3T 519 Sl6 367 441 452 493 139 002 - same
Ni 366 453 48T 493 442 450 46l 450 04 053 - same
P 323 361 38 62 327 332 33 387 119 042 - same
T 42 430 476 480 427 435 433 4 024 106 - same
v 413 436 481 484 433 441 430 44 026 090 - same

Zn 575 438 497 503 421 452 464 479 0.52 0.18 - same
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igure 2. Oleic acid (0) and salicylic acid (W) peak arcas, S, and S,
respectively, in background electrolyte containing 50 g L soybean ol
sample spiked with 5.3, 107, 16.0 and 21.3 x 10 mol L' pure oleic acid.
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Iable 3. Microwave assisted biodiesel production tests (from trap grease)

Input Molar ratio* Reaction time / min Temperature / K Catalyst (H,S0,) /% Conversion /%"
29 13 5 393 5.0 37
30 1:6 5 393 5.0 97
31 18 5 393 5.0 99
32 13 10 393 5.0 40
33 1:6 10 393 5.0 99
34 18 10 393 5.0 97
35 13 15 393 5.0 97
36 1:6 15 393 5.0 99
37 18 15 393 5.0 9
38 1:6 5 393 25 75
39 1:6 10 393 25 98
10 1:6 15 393 25 99
41 1:6 10 393 1.0 9
2 1:6 10 393 05 92

“Molar ratio of trap grease-alcohol: *based on GC-MS analysis.
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igure 1. Electropherogram for 5.3 x 104 mol L oleic acid added
to the background clectrolyte containing 50 g L
1.33 x 10° mol L salicylic acid as internal standard.

soybean oil and
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lable 2. Conventional heating biodiesel production tests.

entry “Type of alcohol Molar ratio® Reaction time /min  Temperature /K Catalyst (HSO,) /% Conversion /%"
16 Methanol 18 30 303 5 o4
17 Methanol 112 30 303 5 95
18 Methanol 18 30 303 75 [
19 Methanol 112 30 303 75 95
20 Ethanol 18 30 303 5 93
21 Ethanol 112 30 303 5 95
2 Ethanol 18 30 303 75 95
23 Ethanol 112 30 303 75 9%
24 Methanol 16 5 303 5 7
25 Methanol 16 15 303 5 87
2% Methanol 16 30 303 5 91
27 Methanol 112 5 303 5 86
28 Methanol 1:12 15 303 5 90

*Molar ratio of lauric acid:alcohol: "based on acid number of the product.
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Table 56. Relative standard deviation (R5D%) in different analyte
concentrations

Concentration of the standard solution / (mg L)

Element

02 05 1.0 20 100
Al 08 15 13 10 13
Ca 0.6 06 07 03 0.9
cd 04 07 10 05 17
Cr 04 04 08 05 17
Cu 04 04 08 04 17
Fe 04 06 08 05 16
K 09 09 07 06 L1
Mg 07 08 07 04 12
Mn 03 05 09 03 17
Na 05 07 07 03 07
Ni 0.6 05 09 05 14
Pb 13 L1 10 05 12
Ti 14 05 09 03 17
v 21 05 08 05 17

Zn 0.4 0.7 1.0 0.5 1.0
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lable 2. Figures of ment

LOD*/ (umol L) LOQ"/ (umol L) Sensitivity / (mol L) Linear range / (mol L) r

24 81 1055 upto 16,0 x 10+ 0999

*For signal to noise ratio (SNR) = 3: *for SNR

0. 7 correlation coefficient.
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lable 1. Different sensors reported for the detection of metronidazole

Composition of the sensing phase ‘Working electrode ~ Reference electrode. ""('::n'l'zf“g)" (":‘g':_f‘) Ref.
Thin film nanostructure of Mg/Fe - layered double  Glassy carbon SCE 30 10%1.0x 107 - 31
hydroxides (Mg/Fe-LDH) electrode (GCE)
Gold nanotubes (GNT) Carbon paste AgAgCl  02x10°20x10°  010x 107 3
electrode
Magnetic molecularly imprinted polymer Magnetic glassy SCE 005x10°-1.0% 10 0.016x 10 3
(MMIP/MGCE) carbon electrode
(MGCE)
Graphene and ionic liquid (IL) of 1-butyl- Glassy carbon SCE 0.1%104:250% 10 0.047 x 10 34
3-methylimidazolium hexafluorophosphate electrode
(BMIMPF6) composite
Cysteic acid and graphene functionalized with Glassy carbon SCE 001x10%10%10¢ 230107 35
poly(diallydimethylammonium chloride) electrode
Molecularly imprinted polymer (MIP) Carbon paste AgASCI  032x10°44x10°  200x 1070 36
electrode
Fiber microdisk electrode Carbon microdisk SCE 50x10%16x10%  050x 10% 37
Self-assembled monolayer cysteine SAM Sereen-printed Silver 50%10%-3.0x 10 260x10°  This work
nanostructured gold

electrode
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Table 55. Pearson coethcients for low, medium and high concentration
curves

Element n n r
Al 099997 099996 099999
Ca 099987 099999 099999
cd 099998 099999 099984
Cr 099996 099999 099995
Cu 099994 099998 099998
Fe 099997 099999 099992
K 099835 099807 099997
Mg 099998 10 099988
Mn 099995 099981 099994
Na 099564 099998 099999
Ni 099994 10 099995
Pb 099964 099999 099994
T 099987 099998 099986
v 099995 099996 099986
Zn 099998 10 099990

+ low concentration curve (0.01-0.1 mg L-"); 2: medium concentration
curve (0.2-1.0 mg L-'); 3: high concentration curve (2.0-10.0 mg L-).
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Figure 3. Standard addition curve for: blank, 5.3, 10.7 and
16.0 x 10* mol L oleic acid in the BGE containing 50 g L soybean oil

and 1.33 x 10° mol L' salicylic acid.
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lable 4. Biodiesel from trap grease: microwave-assisted and conventional heating

Molar ratio® Reaction time /min  Catalyst (H,S0,) /%  Microwave-assisted conversion /%°  Conventional heating conversion /%°
16 5 50 97 76
16 15 25 99 68
16 10 10 9 50

“Trap grease:methanol molar ratio: "based on GC-MS analysis. All tests at 393 K.
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Table 1. Microwave assisted biodiesel production tests

eniry ‘Type of alcohol Molar ratio* Reaction time / min___ Temperature /K Catalyst (H,S0,) /% __ Conversion /%"
1 Methanol 13 30 303 5 8
2 Methanol 16 30 303 5 92
3 Methanol 18 30 303 5 04
4 Methanol 112 30 303 5 %
5 Methanol 16 30 303 25 88
6 Methanol 16 30 303 75 93
7 Methanol 18 30 303 75 04
8 Methanol 112 30 303 75 %
9 Methanol 16 5 303 5 95
10 Methanol 16 15 303 5 92
1 Methanol 16 60 303 5 92
12 Methanol 18 30 403 5 04
13 Methanol 112 30 403 5 95
14 Ethanol 18 30 303 5 04
15 Ethanol 11 30 303 5 95

sMolar ratio of lauric acid:alcohol; *based on acid number of the product.
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Table 51. Operational conditions of the Optima DV /300 spectrometer

Parameter Standard condition

Ar plasma flow rate 15 L min
Ar nebulizer flow rate 0.6 L mi

Ar auxiliary flow rate 10 L min
Equipment power

Sample aspiration flow rate.
Reading time

Replicates 7
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Table
the pesticides studied (n = 6)

Percentage recoveries, relative standard deviations and

its of quantification and detection obtained by MSPD procedure of fortiied milk for

Substance Fortification Mean Relaiive standard LoD/ LOQ*/
level / (ug g) recovery / % deviation / % (g g") (nggh)

0.10 60 9

Cypermethrin 002 74 6 0.007 001
001 7 15
0.10 66 12

Deltamethrin 002 81 10 0.002 001
001 7 18

“LOD: limit of detection: "LOQ: limit of quantification.
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Table 3. Ment properties of surfactant-modified sorbent and comparison of its adsorption percentage with conventional materials

Adsorption by convention materials / % (RSD %)

Carbamate Adsorption / % RSD/ %" Reused eycles
PS-DVB resin cis

OXM 9.5 106 0 1000 (0.0) 725(5.5)
MTM 355 60 8 161 (3.0) 12023)
ADC 340 94 5 36.6(73) 83567
CBF 9.8 99 7 1000 (0.0) 98.5(4.0)
CBR 47 102 8 58.5(6.1) 91.5(48)
IPC - - - 52.10.7) 99.0(2.4)
MTC 48 18 >10 75.6(12) 99.5(1.6)
PMC - - - - -

CBS 100.0 00 2 1000 (0.0) 1000 (0.0)

“Average adsorption percentage of 7 independent modified sorbents; *%RSD of 7 independent modified sorbents; “average adsorption percentage and
%RSD of 6 replicates.
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Table 9. Effect values obtained by Youden and Steiner test™

Effect
Variable
Zee V' T¢ PP Ne Na' Me® Mg K Fe' Cw@ CF C&# Ca Al

Ar plasma flow rate 03 007 04 17 06 07 03 009 02 0015 22 008 -012 033 024
Ar nebulizer flow rate 07 01 06 09 -01 08 05 008 02 0024 29 016 028 031 033
Equipments power 09 02 09 26 -18 -LI 08 -014 —03 0033 01 -075 021 -039 036
Sample aspiration flow rate 004 02 06 0. -005 02 0. 004 007 0007 17 0.4 -001 017 003
Heating temperature 04 02 06 -06 02 L1 03 008 03 0008 27 033 014 043 025
Acid volume 07 03 08 07 02 -20 -06 -019 05 002 14 039 —0.I3 -093 —0.60
Extractions time 08 02 14 L1 03 22 08 019 06 0028 08 057 011 090 052
s 09 03 LI 19 10 19 08 0I8 05 0030 27 050 023 080 053
s4V2 13 04 16 27 15 27 L1 025 07 0043 39 083 033 1LI3 075

smg L Ppg L.
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 methods for determining pyrethoids in food matrices reported in the literature

. Analytical
Ref.  Extraction method i LOD Sample  Recovery /% RSD
Sample mass 25 g (i) extract with 100 mL acetone, (ii)
concentration. (ii) Partition with hexane, (iv) concentration, (v) . . .
16 artition three times with acetonitrile, (vi) dryness, (vii) clean O TP 0001 g e’ Milke 70-100 7%
up with (SPE) silica gel.
Sample volume 10 mL (i) partition twice with acetonitrile, Not
12 (i) parttion three times with hexane. Gii) Dry residue (v)clean ~ LC-UV 0001 pgg’  Milk/blood 7891 .
e informed
up with silica gel.
Sample volume 10 mL (i) sample homogenization with
acetonitrile and ethanol. (i) Extraction using disposable liquid/ - Not .
19 liquid extraction cartidges. i) Size-exclusion chromatography  OC- informed Milk Q10 23144%
clean up
17 (9 Dissolved the sample in petroleum cther, (i) parition with . Not Milk, fat, oil, Not Not
acetonirile/water, (i) clean up on Florisil (SPE). 5 informed fish, cheese, _informed _informed
(i) Cryogenic extraction, (i, i) clean up 2 successive SPE. Not Milk, fat, Not
= cartridges C18 and Florisil. GCECD informed egg, fish informed 33-50%
Sample mass 10 g (i) mixed the sample with silica-gel and Not
22 placed in the column, (i) clution with dichloromethane and ~ GC-MS 00033 pgmL’  Milk Upo?0
informed
n-hexane (50:50 v/v)
Sample 4 mL (i) liquid-liquid extraction with 8 mL of
20 acctonitrile, agitation at 175 rpm for 20 min. The extracts are GC-ECD 025 pg ! Milk 8403 3885%
frozen for 12h.
Sample mass 025 g (i) mixed the sample with 1 g C18 and 1 g
21 NaSO,, placed in the SPE column containing | g Florisil with ~ GC-MS 0025 pg g Milk 7992 226%
5 mL MeCN, (i) elution with 5 x 2 mL MeCN.
26 Sample mass 2.5 g (i) QUECHERS GC-Ms 001 pg g’ Milk 92-105 <1%
Sample mass 5 g (i) extract and clean up by | P 0007 DT
A~ disperion with celitc. (i) Eltion four times with n-hexane- GCHECD /ot Milk 6081 818%

acetone (7:3 v/v) solution.

LOD: method limit of detection: RSD: relative standard deviation: A: proposed method: CP: cypermethrin: DT: deltamethrin.
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treatment: and (c) the > CMC treatment.
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53. Experimental factorial plan for the determination robustness using Youden and Steiner™ test

Experimental condition

Variable Normal condition ~ Alternative condition

1 2 3 4 5 6 7 8
Ar plasma flow rate 15 L min™ (A) 16 L min™ (a) A A A A a a A a
Ar nebulizer flow rate 0.6 L min”! (B) 0.7 Lmin (b) B B B b B B B b
Equipments power 1400 W (©) 1500 W (c) c c c c c c c c
Sample aspiration flow rate 1.5 mL min~! (D) 1.3 mL min™ (d) D D D d d d D D
Heating temperature 95°C (E) 105°C () E e E e e E E E
Acid volume 30mL (F) 33mL(H F f F F F f F F
Extraction time 2h(G) 21 15 min (g) G g G g G G o
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Table 52. Spectral lines adopted for the determinations and Pearson s
coeficient (r) of the standard addition curve

Element Speciral lines / nm. r r
Al 396.153 09996 09998
Ca 422673 09998 09993
cd 214.440 09999 09994
Cr 267.716 09999 09992
Cu 327.303 09999 09993
Fe 250.030 09999 09995
K 766.490 09997 09994
Mg 280271 09999 09991
Mn 257.610 09999 09999
580.502 09999 09992
231604 09999 09999
220353 09999 09999
Ti 334.040 09999 09992
v 202402 09999 09994
Zn 206.200 09993 09978

: low concentrations (0 to 1.0 mg L
t0 8.0 mg L),

+ medium concentrations (1.0
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Table 1. Properties of MeOH, PrOH and EG at 25°C

Solvent 1,/°C N/ (mPas) e oK /(S em?)
Methanol (MeOH) 6478 0545 32.70% 17200 1207
1-Propanol (PrOH) 9728 1956 2033" 19438 3531
1.2-Ethanediol (EG) 197.2 1617 3178 1584 10705

-oefficient of viscosity:

pK: autoprotolysis constant; k: electrical conductivity.
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{able 6. Relative standard deviation (%) in difierent analyte concentrations

Concentration of the standard solution / (mg L)

Element 0.2 05 1.0 20 100
Al 0.79 114 042 040 1.62
Ca 059 091 030 085 123
cd 056 1.60 0.53 040 295
Cr 0.60 129 052 041 297
Cu 058 L14 0.53 049 3.00
Fe 074 130 047 041 286
K 085 0581 051 093 114
Mg 074 094 029 094 1.65
Mn 073 129 0.19 025 298
Na 072 0.8 037 083 079
Ni 073 136 052 041 252
Pb 140 1.62 0.62 034 224
Ti 041 L1l 022 032 304
v 078 119 056 044 299
Zn 084 1.59 0.55 032 171
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Table
the pesticides studied (n = 6)

Percentage recoveries, relative standard deviations and

its of quantification and detection obtained by MSPD procedure of fortiied milk for

Substance Fortification Mean Relaiive standard LoD/ LOQ*/
level / (ug g) recovery / % deviation / % (g g") (nggh)

0.10 60 9

Cypermethrin 002 74 6 0.007 001
001 7 15
0.10 66 12

Deltamethrin 002 81 10 0.002 001
001 7 18

“LOD: limit of detection: "LOQ: limit of quantification.
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Table 2. Sorption of carbamate pesticides

Cabamte Uptake /(L kg)
SDS-alumina_ CTAB-silica  CTAB-zeolite
OXM 15 48 200
MTM 24 33 103
ADC 70 35 47
CBF - 60 “s
CBR 161 37 383
IPC 20 - -
MTC 327 25 27
PMC 368 129 -

CBS 53.1 53.1 53.1
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lable 3. Relative errors (%) per range of analyte concentration

Concentration / (mg L)

Element 02 05 1.0 5.0
Al 59% 5.1% 0.3% 23%
Ca 03% 3.1% 14% 0.6%
cd 62% 5.8% 03% 6.1%
Cr 55% 5.4% 0.5% 3.6%
Cu 5.0% 47% 0.8% 1.0%
Fe 40% 4.4% 9.7% 4.9%
K 67% 9.9% 12% 5.9%
Mg 7.0% 6.4% 0.4% 31%
Mn 5.1% 5.0% 0.6% 4.1%
Na 0.7% 12% 14% 0.6%
Ni 5.0% 5.3% 0.4% 14%
Pb 4.9% 5.2% 0.6% 1.9%
Ti 5.0% 4.8% 11% 2.0%
v 62% 5.2% 0.7% 32%
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 methods for determining pyrethoids in food matrices reported in the literature

. Analytical
Ref.  Extraction method i LOD Sample  Recovery /% RSD
Sample mass 25 g (i) extract with 100 mL acetone, (ii)
concentration. (ii) Partition with hexane, (iv) concentration, (v) . . .
16 artition three times with acetonitrile, (vi) dryness, (vii) clean O TP 0001 g e’ Milke 70-100 7%
up with (SPE) silica gel.
Sample volume 10 mL (i) partition twice with acetonitrile, Not
12 (i) parttion three times with hexane. Gii) Dry residue (v)clean ~ LC-UV 0001 pgg’  Milk/blood 7891 .
e informed
up with silica gel.
Sample volume 10 mL (i) sample homogenization with
acetonitrile and ethanol. (i) Extraction using disposable liquid/ - Not .
19 liquid extraction cartidges. i) Size-exclusion chromatography  OC- informed Milk Q10 23144%
clean up
17 (9 Dissolved the sample in petroleum cther, (i) parition with . Not Milk, fat, oil, Not Not
acetonirile/water, (i) clean up on Florisil (SPE). 5 informed fish, cheese, _informed _informed
(i) Cryogenic extraction, (i, i) clean up 2 successive SPE. Not Milk, fat, Not
= cartridges C18 and Florisil. GCECD informed egg, fish informed 33-50%
Sample mass 10 g (i) mixed the sample with silica-gel and Not
22 placed in the column, (i) clution with dichloromethane and ~ GC-MS 00033 pgmL’  Milk Upo?0
informed
n-hexane (50:50 v/v)
Sample 4 mL (i) liquid-liquid extraction with 8 mL of
20 acctonitrile, agitation at 175 rpm for 20 min. The extracts are GC-ECD 025 pg ! Milk 8403 3885%
frozen for 12h.
Sample mass 025 g (i) mixed the sample with 1 g C18 and 1 g
21 NaSO,, placed in the SPE column containing | g Florisil with ~ GC-MS 0025 pg g Milk 7992 226%
5 mL MeCN, (i) elution with 5 x 2 mL MeCN.
26 Sample mass 2.5 g (i) QUECHERS GC-Ms 001 pg g’ Milk 92-105 <1%
Sample mass 5 g (i) extract and clean up by | P 0007 DT
A~ disperion with celitc. (i) Eltion four times with n-hexane- GCHECD /ot Milk 6081 818%

acetone (7:3 v/v) solution.

LOD: method limit of detection: RSD: relative standard deviation: A: proposed method: CP: cypermethrin: DT: deltamethrin.
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Figure 5. Carbamate pesticide sorption on (a) CTAB-modified alumina;
(b) SDS-modified silica and (c) CTAB-modified zeolite.
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lable 8. bEquivalence test between the precision of the extraction methods

Standard deviation Standard deviation Calculated Critic

Element US.EPA10-3.1 Our method F F Result
Al 0.0081 o011 054 428 same
Ca 00017 0.0009 37 - same
cd 012 o1 140 - same
cr 0.0002 0.0002 0690 - same
Cu 0.0005 0.0003 251 - same
Fe 00011 0.0009 156 - same
K 0050 0.044 130 - same
Mg 0.008 0015 034 - same
Mn 0013 0010 187 - same
Na 00011 00010 L2 - same
Ni 0.0054 00044 149 - same
P 0.0008 0.0006 Le2 - same
T 0.0003 o011 on - same
v 0.006 0041 002 - same

Zn 0.0006 0.0017 0.12 - same
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Table 1. Influence of ditterent solvents and sorbent mass on pesticide recovery in the extraction procedure. Milk samples fortified at 1.0 pg g™ (n =3)

Method Procedure Average recovery / %
Cypermethrin Deltamethrin

A Celite™ 2.5 g: n-hexanciacetone (6:4 v/v) 18 2
B Celite® 2.5 g: n-hexanezacetone (9:1 v/v) 2% 2
c Celite® 3 g: dichloromethane-hexane (1:1 v/v) 28 2
D Celite® 2.5 g: n-hexanc:acetone:ACN* (70:26.5:3.5 viviv) 2 34
E Celite® 3 g: n-hexanciacetone (7:3 v/v) 54 7
F Celite® 2 g: pH 8-0; n-hexanesacetone (7:3 v/v) 54 2
G Celite® 2 g: n-hexanciacetone (7:3 v/v) 80 %

*ACN- acetonitrile
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Figure 7. Relation of carbamate pesticide uptake on surfactant-modified
sorbents and log K.





OPS/images/a06img18.png
lable 7. Analysis of recoveries of extraction methods

Element Ourmethod  U.S.EPAIO-3.1 Difference /%
Al 178 17.1 07
Ca 1011 1018 07
cd 895 825 -10
Cr 179 165 -14
Cu 958 932 26
Fe 718 577 -14.0
K 304 296 08
Mg 688 68.7 01
Mn 879 80.8 11
Na 415 387 29
Ni 726 68.0 45
Pb 936 939 03
Ti 9.9 69 30
v 663 (23] 22

Zn 852 827 -25
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Figure 1. (a) Chromatogram of a 0.100 g ¢ standard mixture and blank
sample by GC/LECD; (b) chromatogram of the 0.100 pg g standard
mixture and blank sample by GC-MS (for operating conditions see text).
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Figure 6. Chromatogram of carbamate pesticides.
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Table 1. Vibrational bands (cm~) observed by FIIK and their
corresponding attributions

VOH  vCH/CH, VvCO  vCC WMOC  vMO
CaMGly 3415 20722785 1141 1066 8§75 445
SIMGly 3341 20692704 1140 1065 8§57 422
BaMGly 3358 20372877 1109 1051 856 497
ZoMGly 3413 20352844 1125 1064 877 418
CaDGly-1 3260 20342836 1130 1074 872 420
CaDGly-2 3397 30032851 1106 1050 873 406
M- metal
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Table 2. Proposed formula for metal glycerolates based on TGA/DY1A analysis

Moisture / % Proposed formula Metal oxides (experimental)  Metal oxides (theoretical’)
CaDGly-1 671 CalCH,0,1(H,0),, 26.69 2523
CaDGly-2 601 CalCH0,),,(HO), 20.16 1955
CaMGly 0 CalCHO,] 4292 4308
SIMGly 27.10 SHCHO,I(H,0),,, 4418 4420
BaMGly* 25.57 Ba[CH,0,](H,0),., 5024 5024
ZnMGly 864 Zo[CHOJHO), 4166 4935

tly contaminated with BaCO, and Ba(OH),. MG

‘monoglycerolate. DGly = diglycerolate.
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Figure 1. Linear voltammograms (LVs) obtained with an electrochemical
reactor comprising a GDE modified with 5.0% of CoPc and supplied with
15 L of electrolyte containing 0.1 mol L' of H,SO, and 0.1 mol L' of
K.SO, ata flow rate of SOL h-" showing (A) LVs with the GDE pressurized
with N, (a) or O, (b): and (B) LV with N, subtracted from LV with O..
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Table 4. Recovery and repeatability of the method for three samples evaluated

Pesticide Concentration / Recovery / % Repeatability RSD / %
(g Ke") Apple Strawberry Tomato Apple Strawberry Tomato

Chlorpyrifos 10 877 1078 174 07 87 87
500 914 1033 946 166 65 143

Dimethoate 10 705 1103 1032 89 79 122
500 949 0.8 926 146 83 60

Mevinphos 10 783 1149 194 15.1 1.8 49
500 908 974 859 79 144 104

Malathion 10 1056 1132 981 95 22 150
500 93.1 035 911 50 96 04

Pendimethalin 10 1020 1074 1014 14 85 81
500 954 910 848 07 33 85

Simazine s - 8L6 - - 13 -
10 922 - 9.7 146 - 123

100 - 22 - - 34 -

250 1.1 - - 127 - -

500 - - 1194 - - 74

Trifluralin s - 1131 - - 31 -
10 80.0 - 1070 81 - 73

250 - L9 - - 75 -

500 80.1 - 846 87 - 15,1

Relative standard devi






OPS/images/a19img02.png
O,+4H" + 4e — 2H,0





OPS/images/a07img05.png
Analytical parameters obtained for the optimized method: linear range, correlation coethcient (r), imit of detection (LOD), mit of quantification

Pesticide Matrix Linear range / (ng kg) " LOD*/ (pg ke") LOQ/ (ngkg™)
Chlorpyrifos Apple 048-500 0.997 014 048
Strawberry 1.64-1000 0,997 049 164
Tomato 316750 0,99 095 316
Dimethoate Apple 526750 0993 158 526
Strawberry 467750 0993 140 467
Tomato 118750 0,99 035 118
Mevinphos Apple 138750 0,997 041 138
Strawberry 2.93-500 0.991 088 203
Tomato 5.50-750 0,997 167 550
Malathion Apple 0.79-1000 0,997 024 079
Strawberry 176750 0.99 0.53 176
Tomato 087-500 0,99 026 087
Pendimethalin Apple 2.73-500 0,998 082 273
Strawberry 7.57-500 0994 227 751
Tomato 0.50-500 0,99 018 059
Simazine Apple 502250 0.995 151 502
Strawberry 3.50-100 0993 110 350
Tomato 853750 0,998 255 853
Trifluralin Apple 131-500 0,997 039 131
Strawberry 238750 0.998 072 238

Tomato 1.35-750 0.999 0.40 135
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Figure 4. Atomic force microscopy images of untreated (a);
structured (b); and cysicine-modified nanostructured (c) screen-
printed gold electrode:
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Figure 1. X-ray powder diffraction patterns obtained for both phases of
calcium diglycerolate: (a) CaDGly-1 and (b) CaDGly-2.
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Figure 1. Pareto chart obtained through full factorial design using as
response the geometric mean of peak areas for pesticides chlorpyrifos,
dimethoate, mevinphos, malathion, pedimentalina, simazine and
trifluralin. Vertical line in the chart defines 95.0% confidence level.
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Figure 2. Typical cyclic voltammograms recorded in the absence (doited
line) and presence (solid line) of methyl nicotinate (25 mmol L) in a
pH 7 phosphate buffer solution using a sereen-printed electrode. Scan rate:
100mV s (vs. Ag/AgCl). Inset: A typical corresponding calibration plot
result from additions over the range 1 to 40 mmol L.
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lable 1. Two-level full factonial design for the screening of the significant
variables

i g Szn;plel Solmvim 1 - Temp:gl\ne 1
1 500(-)  500(-)  3.00(-) 5.00 (=)
2 1500(+) 5005 3.00() 5.00 (=)
3 500(-)  500(-)  3.00(-) 5.00 (=)
4 1500(+) 5005 3.00() 5.00 (=)
5 500(=)  1500(+)  7.00(+) 5.00 (=)
6 1500(+)  1500(+)  7.00(+) 5.00 (=)
7 500(=)  1500(+)  7.00(+) 5.00 (=)
8 1500(+)  1500(+)  7.00(+) 5.00 (=)
9 10.00 (0) 10.00 (0) 5.00 (0) 10.00 (0)
10 10.00 (0) 10.00 (0) 5.00 (0) 10.00 (0)
1 10.00 (0) 10.00 (0) 5.00 (0) 10.00 (0)
12 500(=)  1500(+)  7.00(+) 15.00 (+)
13 1500(+)  1500(+)  7.00(+) 15.00 (+)
14 500(-)  1500(+)  7.00(+) 15.00 (+)
15 1500(+)  1500(+)  7.00(+) 15.00 (+)
16 500(-)  500(-)  3.00(-) 15.00 (+)
17 1500(+) 5005 3.00() 15.00 (+)
18 500(=)  500(-)  3.00(-) 15.00 (+)

19 1500(+)  500(-)  3.00(-) 15.00 (+)
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Figure 1. (x) Schematic diagram and (b) and (c) SEM images at increasing
magnifications of a graphite screen-printed sensor (SPE).
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Table 2. Dochlert's matrix and the corresponding expenimental and
predicted responses

Factor Geometric mean peak area / %
Sample/g  Solvent/g _ Experimental Predicted

1 0.0020) 000(5) 88844400 75023266
1.00(30) 000(5) 21088876 19167435

050 (25) 0.86(10) 71254949 7317638.9
~1.00(10) 0.00(5) 25194682 27116123
-050(15)  -0.86(0) 440635.6 2484915

050 (25) —0.86 (0) 1125119 304656.0
050 (15) 0.86(10) 83608164 81686723

0.00 (20) 0.00(5) 71645881 7502356.6

0.00 (20) 0.00 (5) 64580317 7502356.6

e 8 N e BN
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Figure 3. Typical cyclic voltammograms recorded in the absence (doited
line) and presence (solid line) of 2-methoxybiphenyl (40 mmol L) in
a pH 7 phosphate buffer solution using a screen-printed electrode. Scan
rate: 100 mV ™ (vs. Ag/AgCl). Inset: a typical corresponding calibration
plot result from additions over the range 1 to 40 mmol L'
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Figure 2. Cyclic voltammograms obtained for the unireated (dashed
line) and nanostructured (solid line) sereen-printed gold electrodes.
Measurements carried out at 50 mV <! in 1 mol 1! KOH
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Figure 1. Schematic representation of the low pressure spray chamber
system. A: flask containing a cotton ball saturated with a 10 mg L' Au
solution (Hg trap); B: gas flow controller; C: peristaltic pump; D: vacuum
pump.
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lable 2. Concentration of glycoalkaloids and aglycons n soil samples
collected cach week during two months (7 samples)

No.sample __ Date of collection __ Concentration / (mg kg )"
1 Tuly 17%

2 Tuly 24%

3 July 31% a-chaconi 1708
a-solanine = 0.1719

demissidine = 0.00000479

solasodine = 0.0004542

4 August 7% a-chaconine = 0.1081
a-solanine = 0.09945

desmissidine = 0.006933

solasodine = 0005057

5 August 14* a-chaconine = 0.6677
a-solanine = 0.6239

demissidine = 0.05074

solasodine = 0.04071

6 August 21* a-chacor .5200
a-solanine = 0.7812
demissidine = n.d.

solasodine = 0.0000994

7 August 27% a-chacor 3745
a-solanine = 0.3616

demissidine = 0.02454

solasodine = 0.01915

‘Al samples were prepared in triplicate with RSD% lower than 6.7.
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Table 1. Operating parameters of the ICP-MS nstrument

RF power
Gas flow rate:
Main
Auxiliary
Nebul
Cones

Sampler and skimmer

Signal measurement

Readings / replicates

Replicates

Dwell Time

Auto lens mode

Detector voliages:
Pulse
Analogic
Dead time

Detector operation mode

1200W

150 L min”!
1OL min-*

1OL min™*

P
Peak Hopping
50

3

50ms

On

1000V
~1950 V.
S5ns
Dual
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Figure 3. Short-term signal stability using a solution containing 10 g L
of each analyte in 0.14 mol L' HNO, under different spray chamber
operating conditions: () atmospheric pressure; (b) suction flow-rate
of 0.3 L min'; (c) suction flow-rate of 0.3 L min" and Rh as internal
standard. The analytical signals were normalized according to the initial
measurement (n = 3: individual RSDs were lower than 10%).
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lable 3. Summary of results from 14 mass measurements for [M + H|" of each analyte in soil samples by using Orbitrap M5 at a mass resolving power
of 30,000 FWHM.

Compound ‘Theoretical m/z of [M + H]* ion Mean measured m/z (n = 14) Mass error / ppm
o-chaconine 852510032 £852,510825 0125512
otsolanine 868.505846 868,505784 0071880
demissidine 400357040 400357257 -1.705617

solasodine 414.337205 414336504 —1.475679
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Figure 2. Effect of the suction flow-rate of the spray chamber on the
analytical signals, using a solution containing 10 pg L' of cach analyte in
0.14'mol L'HNO, (n = 3). Analytical signals were normalized considering
the signal obtained without suction, i.c., with the spray chamber operating
at atmospheric pressure.
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Figure 2. Soil sample collected on August 7*, contained the four analytes at different concentration. Mass error in ppm is shown for each one.
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Figure 1. Schematic diagram of lab-scale tubular reactor showing
the (a) reactants mixer; (b) high pressure pump; (c) pressure gauge:
(d) thermocouple; (e) preheater; () reactor; (g) molten salt bath; (h) double
pipe heat exchanger; (i) relief valve: (j) back-pressure regulator; and
(k) sampling flask.
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igure9. Response profile for MTZ obiained using SWV under optimized
conditions. Measurements carried out in 0.1 mol L-* BR buffer (pH 2.0),
with £ = 60 Hz, a= 100 mV, and AE = 10 mV. () 0.1 mol L' BR buffer
alone: (b) 50 pmol L™ MTZ (¢) 101 pmol L MTZ: (d) 151 pmol L' MTZ;
(€) 199 umol L~ MTZ: (f) 245 pumol L' MTZ: (g) 295 pmol L' MTZ.
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iure S4. XRPD patterns obtained for the solids recovered after
reactions. (a) CaDGly-1; (b) Reuse-1; (c) Reuse-2; (d) Reuse-3;
(¢) Reuse-4. *Ca(OH),; **CaCO.,.
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Table 1. Calibration data including linear range, correlation coefhicient (R°), limits of detection (LODs; mg kg™), limits of quantitation (LOQs; mg kg™),
retention time stability (RSD% in parenthesis), and percentage recovery of glycoalkaloids and their aglycons in soil samples (n = 5)

. Ret. time Spiked
Analyte l"('r:';‘"ﬁ" R (I:DE‘I') (,‘,,“‘,f"\) stability /  concentration/ Recovery/%  RSD/%
g kg g ke g ke (RSD %) (me ke?)
osolanine 0.025-1 09975 001 0025 465 005 903 63
1.07) 05 99.0 37
o-chaconine 0.025-1 0.9967 001 0025 468 005 809 34
(1.00) 05 1089 79
solasodine 0.0025-1 09958 00001 0.00025 625 0005 80 68
(1.69) 005 847 18
demissidine 0.0025-1 09933 0.000075 0.0001 632 0005 695 34
.47 005 72.1 33
-LOD: limit of detection: "LOQ:
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Sample e Recovery /%
Added Found

Urine 720x10°  672x10° 934208

Serum 198 x 107 173% 10 893+
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Iable 2. Percentage of total organic carbon (10C) removed atter %0 min of electrolysis and energy consumed (EC) 1n the removal of 1 kg of 1TOC during
the degradation of DP in an electrochemical reactor operated at a flow rate of 50 L h™' under different reaction conditions

Parameter Anodic oxidation Electrogenerated H,0, Electro-Fenton process
Initial TOC / (mg L) 246 256 253
Final TOC / (mg L") 234 203 94
TOC removed / % 50 20.1 628

EC/ (kWhkg™) 635.5 1439 49.1






OPS/images/a27img18.png
lable 2. Results obtained using the proposed sensor for analysis of
pharmaceutical formulations containing metronidazole

Values obtained
Formulation ;
Nominal  Found F"“""’f‘,:"“"’l !
Tablet / (mg tablet”") 250 2453 981=15
Drug suspension / (mgmL") 40 123 30820.1
Lotion / (mg g™ 100 994 994223

*As benzoylmetronidazol.
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Figure $3. XRPD patterns of: CaMGly (a); CaDGly-1 (b); CaDGly-2 (c);
StMGly (d) and ZaMGly (c), after the first methyl transesterification of
soybean oil. *CaCO..
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igure S2. FTIR spectra of: (a) CaMGly; (b) CaDGly-1; () CaDGly-2;
(d) STMGly: () BaMGly and (f) ZnMGI
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Figure 4: (A) Decay of concentration of DP (determined by HPLC and expressed as a percentage of the initial concentration) and (B) plot linear versus
time of experiment during the first 40 min with respect to time of electrolysis performed in the electrochemical reactor under the conditions: anodic -
GDE pressurized with N, (- - -); H0, - GDE pressurized with O, in the absence of catalyst (@); electro-Fenton process- GDE pressurized with O, in the
presence of 1 mmol L' of FeSO,.7H,0 (O).
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Table 4. Results of the reuse tests for methyl transesterification of soybean o1l using metal glycerolates and the respective decomposition products

Experiment Triacylglycerol / % Diacylglycerol / % Monoacylglycerol / % Monoester / %

9 R-CaMGly 47.07+0.10 1626=0.10 7.08+0.06 2057007
10 R-CaDGly-1 - - 134015 98,66 +0.15
1 R-CaDGly-2 99.800.10 - - -

12 R-StMGly 30.80+0.50 173010 6.80=0.10 4500010
13 R-BaMGly - - - -

14 R-ZaMGly - - - -

15 CaCo, 98.58+0.01 - - 0.950.00

16 Ca(OH), 98.60+0.01 - - 0912000

17 CaCl, 98.71+0.03 - - 0912003

18 GO 98.58+0.03 - - 0.800.03

19 S0 - - 0.90+0.10 99.10+0.10
20 SO, 98.400.10 - - 0.80=0.10

21 SiCl, 98.300.20 - - -
22 S{OH), 97.36+0.12 - - 0.132008

“Non-activated by heat treatment.
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values. Measurements carried out at various pH values in 0.1 mol L BR
buffer solutions containing 2.0 x 10~* mol L-' MTZ.
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Table 3. Results for methyl transestenification of soybean oil using metal glycerolates as catalysts

Experiment Triacylglycerol / % Diacylglycerol / % Monoacylglycerol / % Monoester / %
1 Soybean oil 0827120 - - -

2 Control 97.99+0.62 - - 0872003

3 CaMGly 1445+ 1.30 1042012 908034 62792217
4 CaDGly-1 - - 1372001 98.6320.01

5 CaDGly-2 - - - 99.00+0.10
6 SIMGly - - 080020 99.20+0.20
7 BaMGly - - 100£0.10 99.00+0.10
8 ZaMGly 98.472026 - - 079003

All of these reactions were conducted

methanol reflux and performed in duy

te. The average values were reported.
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Figure 2. (A) Variation of H,0, concentration vs. time of electrolysis, and (B) concentration of H,0; after 90 min of electrolysis and apparent rate constant
(k. for the formation of the oxidant during the first 30 min in an electrochemical reactor comprising a GDE modified with 5.0% of CoPe and supplicd with
1.5 of electrolyte containing 0.1 mol L-* of H,SO, and 0.1 mol L' of K.SO, at a flow rate of SO L h'.~0.3 V (M), ~0.5 V (#),~0.7V (4),~0.9V (¥),
1AV (. =13V ). —15V (#).~1.7V (#).—1.9V (%), 2.1 V (&). —23 V (O) and =2.5 V (O).
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Figure 6. Cyclic voltammograms obtained using the proposed sensor in
anaerobic BR buffer solution (pH 2.0) containing 2.0 x 10 mol L of
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Figure S1. XRPD patterns of: (a) CaMGly; (b) StMGly; () BaMGly
and (d) ZnMGly.
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igure 3. Variation in absorbance of DP at 262 nm (expressed as a
percentage of the initial absorbance) with respect to time of electrolysis
performed in the electrochemical reactor under the conditions: anodic -
GDE pressurized with N, H0, - GDE pressurized with O, in the absence
of catalyst; electro-Fenton process - GDE pressurized with O, in the
presence of 1 mmol L' of FeSO, TH.O.
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Table 3. Results of the reuse tests for CaDGly-1 in the transesterification of soybean o1l

Experiment Triacylglycerol / % Diacylglycerol / % Monoacylglycerol / % Monoester / %
23 CaDGly-1 - - 0722040 99.28+0.40
Za  Reuse-l - - 1342015 98.66+0.15

2b  Reuse 1052027 - 2522022 9643049
Ze  Reuse3 9300.10 718065 - 8282060

23d  Reuse4 9972030 - - -
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Table 1. Electrogeneration of H,0, during 30 min of electrolysis at
different applied potentials and energy consumed (EC) in the generation
of 1 kg of H0, for cach experiment

E,./ E./ Coon! EC/
(V'vs. PUIAZ/AZCKCE) v (mgL")  (kWhkg)
03 07 58 120
05 -10 72 158
07 -13 18 9%0.1
09 -19 288 992
11 23 487 1023
13 N 686 1003
15 38 923 803
45 132 612
-52 1305 564
54 1330 416
-59 1004 687

6.6 100.0 86.8
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igure 8. Linear dependence of the cathodic peak current i) on the square
root of the scan rate (v'2), for cyclic voltammetry experiments carried
out in anaerobic 0.1 mol L BR buffer solution (pH 2.0) containing
2.0 x 10~ mol L' of MTZ. using a potential

0.5
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Figure 1. Cyclic voltammograms of MWCNT-CCE ina solution containineg:

(a) Ni(NO,),; (b) catechol; (c) Ni + catechol. [NaOH] = 0.1 mol L-
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fable 1. Results for the number of outliers identified by each parameter and the vanation of the RMSEC and KMSEP values observed

No. of outliers detected in each test

Model* Sample RMSEC RMSEP
Leverage Xresiduals Y residuals Total
Reflectance M1 184 10 4 5 16 526 534
Reflectance M2 168 5 1 4 10 3.80 532
Reflectance M3 158 & 0 3 3 328 523
Reflectance M4 Opt 155 0 0 0 0 2.89 521
Reflectance,, o1 1 0 6 7 289 521
Reflectance,,, Opt 84 0 0 0 0 289 247
Absorbance M1 184 10 4 6 18 552 526
Absorbance M2 166 4 1 2 6 3.67 529
Absorbance M3 160 2 0 2 2 310 521
Absorbance M4 Opt 158 0 0 0 0 270 5.16
Absorbance,,, o1 0 0 6 6 270 5.16
Absorbance,,, Opt 85 0 0 0 0 270 271






OPS/images/a02img01.png
Ni(II)(OH), + OH






OPS/images/a22img10.png
04
03
02

o

01
02]

Wi

04
05

100 150 2000 2500 3000 3500 4000
Wavenumber / cm™"

Figure 2. Regression coefficients for the PLSR model developed for
eflactance data
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Figure 3. Consecutive cyclic voltammograms on MWCNT/CCE in
NaOH (0.1 mol L") containing CA (0.36 mmol L") and Ni(NO,),
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igure 3. Distributions of the absolute errors obtained with the PLSR model developed with the absorbance (a) and reflectance data (b) against the estimated

cocaine content values. Calibration (O) and validation samples (A). Histograms of the absolute errors obtained with the absorbance (c) and reflectance

(d) PLSR models (calibration data (liht grey bars) and validation data (dark grey bars)).
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Figure 2. Mechanism of the formation of the deposited Ni-CA complex.
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Hhigures of ment for FLS models for the properties

Figure of merit Reflectance _ Absorbance
Trueness /% (m/m)  RMSEC 289 270
RMSEP 247 277
REP, 304 3.66
REP,,, o1 9.04
Precision / % (m/m) 146 152
Sensitivity / (% (m/m))" 0.195 0137
Goodness of fit slope 0895011 082011
intercept 89591 146291
comrcoef (R) 0904 0914
MDC / % (m/m) 128 116

009 confidence interval.





OPS/images/publisher.png
-

‘SOCIEDADE BRASILEIRA DE QUIMICA





OPS/images/a22img07.png
1,1 X MSEC(L+h; +1/ 1) (7

CI(y;)






OPS/images/gn1.png





OPS/images/a22img06.png
21, g Xs(y=y) (6)





OPS/images/a01img02.png





OPS/images/a22img09.png
Reflectance

W W me B0 0 @m0 4w

Wavenumber / cm™'

Reflectance

W e a0 0 w0 w0 4w
Wavenumber / cm™!

Figure 1. ATR-FTIR spectra of (a) cocaine hydrochloride standard and
(b) the 184 drug samples used for model development.
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Figure 5. Confidence intervals for some validation samples, with 95% of
confidence, obtained for the PLSR model developed with the reflectance
data
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Figure 4. Reference values versus estimated values by the PLSR models

for absorbance () and reflectance (b). Calibration samples (O) and
validation samples (A ).
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Table 5. Analytical characteristics of the proposed FB system and
other recent procedures for the determination of acetylcysteine in
pharmaceutical formulations

Parameter FB system FIA=2 MPESH
Limit of detection/  0.14 3 026
(ng mL™)

Working range / 50500 26261 8122
(ng mL™)

Relative standard <14 <12 <16
deviation / %

Sampling rate / b 153 60 75
Method CdTe QDs Bromine CdTe QDs
Carrier fluid Absent Present Present

pumping flow system.
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Figure 7. Lineweaver-Burk plot: 1/[Initial rate] vs. 1/[P] at different

concentration of methanol, (a) 0.2 mol L' (b) 0.25 mol

(©)03 mol L.
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ure 4. (a) Fluorescence enhancement of § x 10 mol L+ CdTe QD solution at different concentrations (0. 5, 10, 15, 25, 50 g mL") of NAC in pH 5.2:
(b) emission fluorescence spectra of pharmaceutical formulation samples.
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Figure 5. Effect of different kinds of microemulsion system on
esterification (reaction conditions:molar ratio (alcohol/acid) 4, w, 33,
me 4 h. lipase 120 mg g').
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igure 4. The effect of concentration of lipase on esterification in DBSA
microemulsion system (reaction conditions: molar ratio (alcohol/acid) 4,
3, time 4 h).
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the determination of N-acetyl-L-cysteine in pharmaceutical formulations

Interference Tolerable limit ratio / (ng mL~")*
Ethylenediamine-tetraacetic acid 400
Sodium chloride 80.0
Sodium benzoate 700
Citric acid 80.0
Sucrose 90.0

15 umol L' N-acetyl-Lcysteine added.
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Figure 5. Captured digital images and selected arcas (50 x 80 pixels), the
complex color in some standard solutions (ng mL-") and blank.
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Table 1. Regression coetficient of predicted quadratic polynomial model

Term Coelilent Standardemor ~ Probe > F
Intercept 9635 1.06 <0.0001-
X, EEN 069 00705
X, 356 069 00001
X, 439 069 <0.0001+
X, 052 069 0.4605
X2 215 093 003720
X2 697 093 <0.0001+
X2 -1015 093 <0.0001+
97 093 <0.0001+
046 119 07061
192 119 01290
33 119 00140°
436 119 00025
238 119 00650

6581 119 <0.0001
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Table 1. Switching course of the solenoid mini-pumps for the fluorescent determination of acetylcysteine in pharmaceutical formulations

Step Description WP, WP, WP, WP, Pulses  time/s
1 Addition of the sample and CdTe QDs (S, QDs)* 110 110 0 0 3 15
2 Homogenization 0 0 0 20
3 0 0 0 10
4 0 0 110 6 30
5 Cleaning (C)* 0 0 110 6 30
6 Homogenization® 0 0 0 0 20
7 Waste (W)* 0 0 0 110 6 30

“Three pulses for cach actuation of the mini-pump: “cleaning of the mixing-chamber with water; steps 5 to 7 are repeated twice for every sample. Codes
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igure 2. The flow-baich diagram. Mixing chamber (MC); quartz windows
(W1, W2, W3); light source (tungsten lamp); webcam (WC); solenoid
mini-pumps (4P, uP,, P, and P,); magnetic stirrer (S); stirring bar
(SB); electronic actuator (EA); interface (USB6009): microcomputer (PC);
sample or standard solution (S); CdTe quantum dot solution (QDs): water
for the cleaning (C): waste.
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igure 3. Effect of reaction time on esterification catalyzed by CRL and
without CRL in DBSA microer system (reaction conditions: molar
ratio (alcohol/acid) 4, w,, 3.3, lipase 120 mg g').
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Figure 3. Routine of the software for digital image treatment.
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igure 2. Effect of molar ratio on esterification catalyzed by CRL in
BSA microemulsion sysiem (reaction conditions: w, 3.3, time 4 h,
pase 120 mg g).






OPS/images/a14img13.png
Table 4. Recoveries of acetylcysteine in pharmacer
(n=3)

Recovery / %

Sample
SOpgml'  150pgml’ 250 pgml
1 102622 998221 1024523
2 1019223 1019525 1015£2.1
3 1005+ 2.1 102823 085+ 19
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lable 3. Results for the determination of V-acetyl-L-cysteine (NAC) in pharmaceutical formulations using the proposed kB system and the conventional
ttrimetric method (mg mL-"). Mean values and uncertainties are based on five analytical determinations

Concentration Amount found
Sample declared / FB system Reference
(mg mL") NAC = SD* RSD*/ % NAC = SD* RSD*/ %

1 20 197202 12 194202 08
2 2 185203 13 192202 09
3 2 20601 06 203201 04
s ) 22205 I 426205 10
5 100 1012207 08 993205 05
6 100 1024209 10 1019207 08
7 100 993208 08 1003212 1
3 120 18612 10 1202209 07
0 120 21314 12 185213 10
10 200 2015519 09 2019515 03

lative standard deviation.
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igure 6. Response surface contour plots of interaction between the four independent factors on yield of biodiesel. (a) Effect of w, and reaction time;
(b) effect of w, and methanol/acid molar raios (c) effect of w, and lipase concentration; (d) effect of reaction time and methanol/acid molar ratio; (e) effect
of reaction time and lipase concentration: (f) effect of methanol/acid molar ratio and lipase concentration.
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Table 3. Factonal design for "A~ method

Asay Tl/min T2/min_ X, X, FAME/(mgg ' TL)
1 200 200 -1 -1 51683
2 200 200 -1 -l 52845
3 500 200 [ 82745
4 500 200 [ 84238
5 200 1000 -1 1 563.83
6 200 1000 -1 1 561.74
7 500 1000 1 1 955.90
8 500 1000 1 1 947.72
9 138 600 2 0 549.08
10 138 600 2 0 53771
1 562 600 2 0 95584
12 562 600 2 0 95402
13 3.50 034 0o 2 644.13
14 3.50 034 0o 2 651.28
15 35 166 0 686.50
16 35 166 0 67925
17 3.50 600 0 30028
18 3.50 600 0 0 37650
19 3.50 600 0o 2 34240
20 3.50 600 0 2 40018
3.50 600 0 0 527.97

time: X: codified values: FAME: fatty acid methyl esters.
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Figure 2. XRD patterns of BC-LDH 1 day (a), BC-LDH 3 days (b) and
BC-LDH 6 days (c), pristine bacterial cellulose (d), LDH 1 day (¢) and
Out-LDH 1 day (f). * Denotes a peak from LDH phase. # Denotes a
peak from BC phase. ° Denotes a peak with contribution of both LDH
and BC phases.
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lable 4. Analysis of vanance (ANOVA) for the response surface quadratic model

Source Sum of squares DF Mean square F-values ::;’:‘;
Model 791E+005 4 1977E+ 005 104.58 <0.0001
Xo 411E +005 1 4113E + 005 21753 <0.0001
X, 1071.22 1 107122 566 0.0301
X, 311E+005 1 3.1E +005 16452 <0.0001
X, 1.79E + 005 1 1.79E + 005 0453 <0.0001
Residual 3025251 16 1890.78 - -
Lack of fit 086328 4 2465.82 145 02771
Purc crror 20380.23 12 1699.10 - -
Total correlation 8212E+005 2 - - -

“DF: degrees of freedom.
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Figure 1. Representative structure of a layered double hydroxide
(LDH) (a) and bacterial cellulose (BC) (b).
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lable 1. Vanables and intervals which were evaluated in the methylation
reactions

Independent Interval and level

variable o o 0 T B
X, / min 138 200 350 500 562
X, / min 034 200 600 1000 1166

T1: Reaction time after addition of alkaline catalyst, and T2: reaction
time after addition of acid catalyst.
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Table 2. Characterization of the soybean o1l employed in the optimization

Analysis Result
Al/ (mg KOH g™ sample) 005001
MAG (% wifwt) ND

DAG (% wi/wt) 1242028
TAG (% wi/wt) 9836+ 0.35

AL: acid index; MAG: monoacylglycerol; DAG: diacylglycerol; TAG:
triacylelycerol: ND: not detected.
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Table 51. Independent variables and levels used for response surface
design

Level
Independent variable Symbol 5 ;
v, X, 333 36

Reaction time / h

Molar ratio (alcohol/acid)

35 4 45

Fallalital
©
N

Lipase concentration / (mg ) 80 120 160
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Table 52. RSM design and response

Design Coded independent variable level Response
point X, X, X, Y%
1 0 -1 0 1 75.59
2 -1 -1 0 0 83.65
3 1 0 0 -1 7823
4 1 -1 0 0 803
5 0 1 0 -1 8091
6 1 1 0 0 9232
7 0 1 1 0 9026
8 0 -1 -1 0 744
9 -1 1 0 0 9384
10 1 0 0 1 84.85
1 1 1 0 9095
12 -1 1 0 80.34
13 0 -1 1 0 75.98
14 0 0 -1 1 68.99
15 0 0 1 -1 70.98
16 -1 0 -1 0 829
17 0 0 1 1 88.38
18 -1 0 0 1 8158
19 0 1 0 1 85.07
20 1 0 -1 0 76.84
21 0 -1 0 -1 80.95
2 -1 0 -1 883
23 0 1 -1 0 7125
24 0 0 -1 -1 78.84
25 0 0 0 0 9.1
2% 0 0 0 0 9544
27 0 0 0 0 9443
28 0 0 0 0 96.54
20 0 0 0 0 98.23
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Figure 4. Cyclic voltammograms of Ni-CA/MWCNT-CCE at different
pH: (a) 10: (b) 11: (c) 12: (d) 13. Inset: plot of formal potential against pH.
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e 7. Effect of accumulation time (t,.) on anodic peak current of
Ni-CA/MWCNT-CCE in the presence of GP.
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gure 8. (a) LSVs of Ni-CA/MWCNT-CCE for GP (0-63.23 pmol L*
in NaOH (0.1 mol L) scan rate = 0.02 V s (b) calibration curve.
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Figure 5. Cyclic voltammograms of Ni-CA/MWCNT-CCE in () NaOH
(0.1 mol L); (b) NaOH + GP (26.7 umol L). Scan rate: 20 mV s,
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Figure 6. (a) Cyclic voltammetry on Ni-CA/MWCNT-CCE at different scan rates (0.01-0.1V's*) in the presence of GP (7.44 umol L") in NaOH (0.1 mol L")

(b) plot of anodic peak current against scan rate: (c) plot of log(Ipa) against log(v).
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Figure 2. The FTIR spectra: (a) alumina and alumina modified with

8.2 mmol L SDS; (b) silica and silica modified with 0.9 mmol L

CTAB: and (c) zeolite and zeolite modified with 10.0 mmol L-' CTAB.
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lable 1. Comparison of the efficiency of some modified electrodes in the electrochemical determination of GF

Electrode Ep/V vs. Ag/AgCl uo':‘“:ﬁ'_'%;' (..':.gﬁ_l— 5 Sensitivity Reference
Nickel oxide nanotube-modified carbon paste 0670 24-50 03 00163 pA pmol ' L. 23
clectrode

AgNP/MWCNT-paste Electrode 0142 0.003-2.9 x 10* 0.00056 1052 pA log(mol ' L) 2
Gold electrode 068 0315 013 02729 pA pmol ' L. 7
Ni-CAMWCNT-CCE 045 125-63.23 05 0072 pA pmol 'L Present work

*Ag nanoparticles.
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Figure 9. (a) LSVs for the determination of GP in tablets in NaOH
(0.1 mol L): (b) standard addition plot.
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Table 2. Effect of concentration of sulphuric acid on various amino acid species and on the k, values at 27 °C. [KBr]
[Oxone®] = 2.0 x 10~ mol dm, [Amino acid] = 0.2 mol dm~, I = 0.6 mol dm

107[H,S0,] 10°[H7] [RCOOH] [RCOO] 10k, s

(mol dnr-®) et (mol dnr) (mol dm) (mol dnr) Glycine Alanine
07 338 0417 0015 0.185 096 587
09 321 0537 0019 0.181 094 553
L5 307 0851 0029 0171 078 526
30 278 166 0050 0.150 055 345
50 252 300 075 0125 029 202

70 23 501 0.101 0.09 020 238
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lable 3. Effect of temperature on oxidation of amino acids by
Oxone® in the presence of KBr. [KBr] = 5.0 x 107 mol dm",

[Oxone®] = 2.0 x 102 mol dm, [amino acid] = 0.2 mol dm™,
[H,S0,] = 3.0 x 10 mol dmr, 1= 0.6 mol dnr*

10, /s
femperature [ Glycine Alanine
288 012 199
300 055 352
308 07 774
318 135 140
Activation parameters
E,/ (k) mol") 436204 352205
AHE / (k] mol™) 422204 335205
AG*/ (k] mol) 976204 902205

~AS*/ (JK-'mol™") 18426 189=8
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Tlable 1. Effect of concentration of amino acid and Oxone™ on the k.., values
at 27 °C. [KBr] = 5.0 x 10° mol dm, [H,S0,] = 3.0 x 10 mol dm",
1=0.17 mol dm™

10°[Oxonc®] 10[{Amino acid] 10k /s
(mol dm) (mol dm) Glycine  Alanine
20 05 008 063
20 08 015 129
20 10 020 192
20 20 055 349
20 30 077 465
20 40 097 501
20 50 124 729
02 20 055 350
04 20 055 349
06 20 054 348
08 20 055 347
10 20 055 349

20 2.0 055 3.49
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igure 1. Effect of concentration of bromide ion on the k., values at
27 °C. [Oxone®] = 2.0 x 10~ mol dm, [Amino acid] = 0.2 mol dm"~,
[H.S0,] = 3.0 x 102 mol dm=>.1=0.17 mol dm">. ( Glycine. B Alanine ).
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Figure 2. UV-Vis spectrum of reaction mixture in presence and in absence
of Glycine. 10KBr] = 2.5 mol dm, 107Oxone®] = 3.75 mol dm™,
10°Glycine] = 1.0 mol dm-, 10°[H,S0,] = 4.6 mol dm".






