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  EDITORIAL

  
    Vieira PC. Thoughts about the chemistry of natural products.  J. Braz. Chem. Soc. 2015;26(7):1313-14

  

  
    Thoughts about the chemistry of natural products

  

   

   

  Plants and other living organisms have been used as sources of different products for long time. The understanding that the use of traditional medicine could lead to compounds for the treatment of many diseases opened an avenue for the investigation and discovery of new drugs from plants.

  This approach generated a number of wonderful examples that can illustrate how plant-derived products became medicines.

  Although, for a long time, most of the discovered drugs have had their origin on plants, more recently the isolation of new natural products from different organisms has opened opportunities in drug discovery. Frequently, natural products are not used as they occur in nature, but become the inspiration for the development of structurally modified new ones with more druggability.

  The beginning of the natural product research in Brazil was characterized by a more traditional work in this field, and the phytochemical analysis was the main objective together with the investigation of medicinal plants. Describing new compounds and exploring their chemistry sometimes seemed to be enough. More recently, there has been an increase in the search for bioactive natural products but, perhaps, the understanding of their chemistry and the real meaning of their existence in living organisms have been missing.

  The research on natural products, as usually occurs in some areas of science, has been under pressure from the funding agencies that expect the results of research to be transformed into products. Having that in mind, most of the projects in this area have their rational almost exclusively on the possibility of finding new drugs.

  Certainly, this argument is convincing enough by itself. Nevertheless there are many other possibilities to work on natural products since they can be used for many other purposes, such as in agriculture, in cosmetics, also, as dyes, paints, inks, etc. In addition, natural products are involved in ecological processes that include different organisms. In two papers,1,2 together with other co-authors, we have discussed the possibility of working on the frontier of chemistry and biology. We highlighted examples of the generation of chemical diversity by using genome mining, mutasynthesis, combinatorial biosynthesis, metagenomics and synthetic biology, while some aspects of microbial ecology were also discussed.

  Ten years ago, Schreiber, a renowned chemist from the Harvard University, in his paper "Small molecules: the Missing Link in the Central Dogma"3 stated "small molecules have critical roles at all levels of biological complexities and yet remain orphans of the central dogma. Chemical biologists, working with small molecules, expand our understanding of these central elements of life".

  He also suggested four goals for people working in this area that, if reached, would transform the field:

  
    (i) "illuminate the origins of life and create alternative life forms";

    (ii) "complete the inventory of all naturally occurring small molecules";

    (iii) "identify a small-molecule modulator for each individual function of all human proteins";

    (iv) "create an effective bridge between basic and clinical research by systematically linking genetic variation in cells to the ability of small molecules to effect phenotypic change in cells".

  

  Even though the search for new drugs from plants and other organisms is still exciting and attractive, chemistry is a central science and has played a key role in the explanation of biological and biochemical observations, opening a number of opportunities in the area.

  In Brazil, we have developed expertise in the chemistry of natural products. Therefore, Brazilian researchers can develop good science in the area. However, it seems interesting to highlight that the projects should focus the wide sense that the area represents.

  The Brazilian Chemical Society (SBQ)4 has been publishing some journals5 for several years. This means it already has the experience to offer authors good quality publications, such as the Journal of the Brazilian Chemical Society (JBCS).6 Any article published in the JBCS has open access and can be read everywhere in the world through the internet. This is a key point for the development of the chemistry of natural product area: good journals and good papers, which means good science for the benefit of the country.

  So, I would like to finish by inviting the natural product chemist community all over the world to publish good papers in the JBCS.7

  Chemistry plays an important role and is pivotal to explain a number of interactions among many organisms. If you have a paper that fulfills these criteria, submit it.

  A worldwide visibility will be given to your paper and do not forget that a good paper will be good no matter where it is published.

  
    Paulo Cezar Vieira

    JBCS Associate Editor
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    Catalytic combustion of soot was performed over ZnO:CeO2 catalysts obtained via a non-alkoxide sol-gel route. Different kinetics parameters were calculated through thermal analyses, thus, enabling the correlation between the experimental data and the decomposition mechanisms probably associated with the soot decomposition in each case.

    Keywords: soot oxidation, mixed oxides, ceria, automotive catalysis, kinetics parameters

  

   

   

  Introduction

  In the recent decades, the change in the air quality caused by pollutant emissions that are harmful to human health and to the environment has been a subject of an increasing concern.1,2 Among these pollutants, particulate emissions arising from the incomplete combustion of diesel deserve a special attention due to many adverse health effects, especially on the respiratory system.3-6 In view of this scenario, several studies have focused on practical ways to overcome this problem through the development of devices able to mitigate the emission of particulate matter in engines operating in diesel cycles.7-11 In this sense, catalytic filters are designed to reduce the amount of soot generated in the diesel combustion through the retention or low-temperature oxidation of carbonaceous materials.12,13 The construction of catalytic converters usually involves the use of several metals and metal oxides and rare earth-based compounds are a promising class for such systems.13-18 Particularly, cerium oxide is a widely employed catalyst due to its stability, high oxygen lability and redox behavior arising from its non-stoichiometric structure.10,17-19 In addition, the modification of CeO2 with other metals usually enables the formation of defects and vacancies, which are directly associated to the formation and diffusion of reactive oxygen species.16,19,20 This, in turn, results in a more efficient soot oxidation at low temperatures, thus allowing for the use of less expensive metals and lower amounts of loaded compounds for the construction of the catalytic converters.21,22 Prior to the development of the final catalysts and the composition of the ceramic substrates, which are commonly placed in the engines exhaust tubes, the evaluation of the catalytic properties in model conditions is proved to be highly valuable. In these cases, generally, thermal analyses of mixtures of soot standards and solid catalysts provide essential information about the involved mechanisms, energies and temperatures.23,24 Recently,25 it has been shown that the addition of zinc oxide to CeO2 solids leads to a large enhancement of the stability and catalytic ability of such compounds in the decomposition of soot generated in diesel engines. Therefore, this communication presents the evaluation of the synergistic effects of the addition of ZnO on the catalytic ability of CeO2 nanoparticles for soot oxidation. For this, the determination of the kinetic activation parameters (i.e., activation energies, enthalpies, entropies and Gibbs free energies of activation, and pre­exponential factors) can be readily obtained from thermal analysis experiments, which involved on the oxidation of a soot model (Printex­U®, Degussa) in the presence of the prepared catalysts in non-isothermal transient experiments.

   

  Experimental

  The ZnO:CeO2 mixed oxides catalysts were synthesized and characterized with regard to their structure and morphology as described elsewere.25 Briefly, a mixture of cerium(III) nitrate (0.4 mol L-1) and zinc(II) acetate dihydrate (0.6 mol L-1) was refluxed in ethanol with successive additions of 150 mL of D,L-lactic until the production of a transparent solution.26,27 The catalyst powders were obtained by the calcination (650 ºC, 3 h in air) of the solid obtained from the elimination of the ethanol from the precursor solution. For comparison, pure CeO2 and ZnO were also prepared by using only Ce(NO3)3 or Zn(CH3COO)2.2H2O as precursors.

  For the evaluation of the catalytic properties, commercial carbon black samples (Printex-U®, Degussa), with a surface area of 76 m2 g-1 and average particle size of 25 nm, was used as model soot. Loose contact soot/catalyst mixtures (1/9, m/m) were prepared by gentle mixing of the solids with a spatula instead of milling in a mortar, in order to simulate the real conditions of contact between soot and the catalyst. The mixtures were then evaluated through thermogravimetry and differential thermal analysis, in which ca. 20 mg of the mixtures containing each catalyst and the soot are placed in platinum crucibles and thermally treated in a Thermal Analyst 2100-TA Instruments STD 2690-Simultaneous TGA-DTA modulus, operating under synthetic air atmosphere, with a heating rate of 10 ºC min­1, from room temperature to 700 ºC in air flow of 75 mL min-1. Aluminium oxide (a-Al2O3) was used as inert reference for the acquisition of thermogravimetric (TG) and differential thermal analysis (DTA) curves. In order to evaluate the reusability of the sample, the ZnO:CeO2 catalyst was recovered from the catalytic assays and tested again in the same soot/catalyst conditions, in a total of three catalytic cycles.

   

  Results and Discussion

  Figures 1a and 1b show the thermogravimetry (TGA) and differential thermal analysis (DTA) of the soot and soot/catalyst mixtures, for which weight losses of 100% and ca. 10%, respectively, are observed on the TGA curves, thus corresponding to the combustion of the total masses of soot. The TGA curves provide the temperature values Ti (related to the beginning of the soot combustion) and Tf (temperature in which the complete conversion of soot takes place). The DTA curves (Figure 1b) evidence that all processes occur in a single exothermic process. The maximum of the DTA plots correspond to the temperature in which the highest difference between the reference and sample temperatures occurs and, for all samples, it is a good approximation to consider these points as being the temperatures of highest combustion rate (Tc),28 since they coincide with the maxima of the first derivative of the TGA curves. The catalytic properties of the prepared solids are then evaluated by comparing the values of Tc with those of the soot combustion without catalyst in the same conditions. Figure 1 reveals that the non catalyzed reaction occurs between Ti = 450 ºC and Tf = 660 ºC.

  
    

    [image: Figure 1. TGA (a) and DTA (b) curves of pure Printex]

  

  The addition of ZnO leads to a low-efficiency displacement of Tc to ca. 575 ºC, thus indicating a low catalytic activity of ZnO towards soot oxidation in comparison to the cerium-based compositions as summarized in Table 1.

  
    

    [image: Table 1. Catalytic performance of the prepared samples in soot oxidation]

  

  On the other hand, the CeO2 and ZnO:CeO2 catalysts lead to a large decrease in the combustion temperatures (270-510 and 340-480 ºC, respectively), thus, revealing their very high reactivity at this temperature ranges. The results (Table 1) also evidence that the reuse of the ZnO:CeO2 catalyst after thermal analysis runs do not affect the involved Ti, Tc and Tf temperatures, thus, confirming that its catalytic ability is not lost after a total of three cycles.

  To better understand the catalytic activity of the prepared materials, we evaluated the soot decomposition kinetics by fitting the thermal decomposition profiles using the Coats-Redfern methodology29-31 and the relation:

  
    [image: Equation 1]

  

  where T is the temperature, A is the pre-exponential factor of the Arrhenius equation, R is the gas constant, Φ is the heating rate, and Ea is the activation energy associated with the decomposition step. The g(α) function is an integral form of a reaction model function, which is a mathematical representation of the decomposition mechanism.30-32 To calculate the activation parameters (∆H‡, ∆S‡, and ∆G‡), it is necessary to test different forms of the g(α) function, to fit equation 1 with the experimental data. The function for which the correlation is the highest corresponds to the most probable thermal decomposition mechanism. The enthalpies, entropies and Gibbs free energies of activation are calculated from the obtained Ea and A values,30,31 since:

  
    [image: Equation 2]

  

  where Tc is the temperature of the highest soot combustion rate (DTA peak). The enthalpy of activation can be calculated from the Arrhenius activation energy, since:

  
    [image: Equation 3]

  

  where ∆U‡ is the variation of the internal energy in the formation of the transition states. From the definition of enthalpy, one can write:

  
    [image: Equation 4]

  

  in which P is the pressure and ∆V‡ is the activation volume. Therefore, the activation energy becomes:

  
    [image: Equation 5]

  

  The parameter P∆V‡ depends on the reaction stoichiometry, and can be equaled to a ∆n‡RTc, in which ∆n‡ is the variation in the number of moles of the species for the formation of the transition states. In the present case, the solid-gas decompositions can be considered to have ∆n‡ = +2, then the term P∆V‡ equals to 2RTc. The activation energy can thus be expressed as:

  
    [image: Equation 6]

  

  Finally, the entropies of activation can be obtained from the statistical thermodynamic treatment of the transition state theory, assuming that A >> 1 and that Tc is not a too high temperature, which yields:

  
    [image: Equation 7]

  

  where kB is the Boltzmann constant and h is the Plank constant.

  Table 2 shows the correlation coefficients for the linear fit of equation 1 using nine g(α) function for the samples. The decomposition of the pure soot model Printex-U® fits functions with the form g3(α) = [1 – (1 – α)1/3]2 and g9(α) = 1 – (1 – α)1/3 better, as a consequence of competing mechanisms. The g3(α) = [1 – (1 – α)1/3]2 function refers to a diffusion-limited mechanism, in which the decomposition takes place as the oxygen molecules permeate the porous structure of the soot particles to react in the particle core.33 On the other hand, the g9(α) = 1 – (1 – α)1/3 function is associated with a geometrical contraction model (contracting volume) in which the reaction interface moves progressively toward the core of the soot particles; i.e., the particle volume decreases due to oxygen reaction at their surface. The g9(α) function yields activation parameters that are closer to reported values,34-36 so we select it for the calculations. Decomposition of the soot model in the presence of CeO2 also occurs according to a geometrical contraction model, which in this better fits the g8(α) = 1 – (1– α)1/2 function. This model corresponds to a contracting area mechanism and indicates that the CeO2 particles enhance the number of oxygen active species at the surface of the soot particles, progressively reducing their areas. The presence of zinc oxide (both pure and combined with CeO2) alters the dominating decomposition mechanism, because the weight loss profiles better fit functions with the form g(α) = [– ln(1 –  α)]1/n (g5(α), g6(α), and g7(α)). These functions are associated with nucleation models, in which products originate at reactive points on the particle surface. Such mechanisms correspond to the Avrami-Erofeyev equations and illustrate that the presence of ZnO and new or reused ZnO:CeO2 elicits a larger amount of reactive sites for soot oxidation. Hence, zinc oxide generates a higher degree of surface defects, which can act as nucleation sites for soot oxidation. Because the function g6(α) = [– ln(1 – α)]1/2 furnishes the most coherent values of activation parameters,34-36 we chose it for the calculations.

  
    

    [image: Table 2. Correlation factors for the thermal decomposition of the soot model Printex]

  

  Table 3 and Figure 2 displays the calculated activation parameters for the different samples. Compared with the pure soot model, the activation and free Gibbs energies decrease in the presence of the prepared materials, attesting to their catalytic ability. The values of ∆G‡ decrease from ca. 174 kJ mol-1 for the pure Printex­U® to ca. 140 kJ mol­1 for the most active samples, namely ZnO:CeO2, thus corresponding to a decrease of ca. 20% in the Gibbs free energy of activation. The results evidence that the combination of CeO2 and ZnO is more effective than the pure CeO2 and ZnO, i.e., soot oxidation in the presence of the ZnO:CeO2 solids requires lower temperatures and energies, which confirms the efficiency of the proposed composition. The Arrhenius activation energies display more prominent decreases, since pure carbon black samples require ca. 175 kJ mol-1 for the activation of the combustion process, while in the presence of the fresh ZnO:CeO2 catalyst the activation involves only 54 kJ mol-1, a reduction of ca. 70% in the activation energy. The enthalpies of activation follow the same trend observed for the activation energies, though involving larger values, as expected for reactions with positive activation volumes.

  
    

    [image: Table 3. Pre-exponential factors, activation energies, entropies, enthalpies]

  

  
    

    [image: Figure 2. Calculated activation parameters]

  

  In addition, during the decomposition of pure carbon black, the entropy of activation assumes a slightly positive value, which can be due to a limiting step of dissociative nature (i.e., increase of entropy), agreeing with the geometric contraction model in this case. This observation also corroborates with the larger values of the pre-exponential factors, which are higher for the non-catalyzed reactions in comparison to the catalyzed combustions. In other words, at the sufficiently high temperatures, the decomposition of pure carbon black can occur simultaneously over the entire solid surface, thus resulting in larger frequency factors. However, this process involves larger activation energies, thereby requiring higher oxidation temperatures. On the other hand, the decomposition of the soot standard in the presence of the catalyst involves a limiting step of associative nature, which is related to the negative values of activation entropy. This suggests that oxidation processes occur at reactive sites on the particles surface. Therefore, the soot oxidation in the presence of the ZnO:CeO2 catalysts follows a nucleation model, which is illustrated by the lower values of the pre-exponential factors. In these cases, the soot decomposition is induced to occur at specific sites in which the catalyst and the soot particle are in contact, which results in lower frequency factors. Despite this, reduced frequency factor and non-favorable entropic characteristics, the reactivity of the catalyst surfaces overcomes this fact and leads to lower activation energies, which is reflected in lower oxidation temperatures. Table 3 also reveals that the fresh ZnO:CeO2 sample displays a more negative activation entropy and a lower pre-exponential factor in comparison to the reused sample, thus evidencing an increased frequency of effective sites or a higher accessibility to them in the last case. This can be related to the stoichiometric state of the prepared solids. As the fresh catalyst is obtained after calcination in air, it presents a high degree of oxidation. On the other hand, as the catalytic tests consist in calcinations under reducing conditions, the reused catalysts present a higher degree of reduced metal centers. As a consequence, a larger amount of structural defects is created, thus inducing a higher oxygen mobility, which culminates in higher frequency factors (and less negative activation entropies). However, the catalytic cycles also induce the sintering of the solids and the occlusion of their pores, which results in the elevation of the energetic barrier for the contact between catalyst and soot. The two effects lead to no significant alteration in total energy involved in the processes, since the free energies of activation remain practically the same after three catalytic cycles. Therefore, the calculated parameters also evidence that the reuse does not affect the efficiency of the ZnO:CeO2 catalysts. This, in turn, attests for the high efficiency and the applicability of the proposed composition for soot oxidation in automotive systems, also revealing that the introduction of large amounts of the cheaper zinc precursors in the composition of ceria catalysts leads to an improvement in the catalytic properties.

   

  Conclusions

  We applied a non-alkoxide procedure for the obtainment of ZnO:CeO2 nanostructures, which effectively lower the soot combustion temperature. Compared with the pure soot standard, the values of ∆G‡ decrease in the presence of the prepared materials, attesting to their catalytic ability. The combination of CeO2 and ZnO is more effective than the pure CeO2 and ZnO. Therefore, the soot oxidation in the presence of the ZnO:CeO2 solids requires lower temperatures and energies, which confirms the efficiency of the proposed composition. The value of ∆S‡ assumes a slightly positive value for the carbon black decomposition, then this process can be related to a geometric contraction model. On the other hand, the decomposition of the soot standard in the presence of the catalyst involves a limiting step of associative nature, thus, suggesting that oxidation processes occur at reactive sites on the particles surface.
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    In this work, the transesterification of jupati (Raphia taedigera Mart.) oil using ethanol and acid catalyst was examined. The production of biodiesel was performed using a central composite design (CCD). A range of values for catalyst concentration (1 to 4.21%), temperature (70-80 ºC), and the molar ratio of alcohol to oil (6:1-13.83:1) were tested, and ester content, viscosity, and yield were the response variables. The synthesis process was optimised using response surface methodology (RSM), resulting in the following optimal conditions for the production of jupati ethyl esters: a catalyst concentration of 3.85% at 80 ºC and an alcohol-to-oil molar ratio of 10:1.
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  Introduction

  The gradual reduction in world oil reserves and the emission of greenhouse gases into the environment may result in energy insecurity and ecological imbalances in the near future.1 Biodiesel is an environmentally friendly alternative fuel that is easily available, non-inflammable and non-toxic.2

  Biodiesel is a mixture of fatty acid alkyl esters in which the esters are derived from renewable sources, such as vegetable oils or animal fats. Biodiesel can be directly used in compression-ignition engines (i.e., diesel engines) and can be obtained through a transesterification reaction (i.e., an alcoholysis reaction) of the raw materials in the presence of primary alcohols. This reaction is promoted by an acid or base catalyst, requiring an excess of alcohol due to the reaction's reversibility.3

  Currently, edible oils provide the raw material for approximately 95% of manufactured biodiesel. Thus, compared with petroleum-based fuels, biodiesel is not economically viable.4 In Brazil, soybean, palm kernel, and sunflower oils represent the primary raw materials for biodiesel.3 To decrease the competition between food and fuel uses, oils that are not produced for dietary purposes can be used as raw materials for biodiesel production.5

  One possible solution to this problem would be the sustainable management of forests for the production of oils from native non-commercial oilseed plants.6 In this context, the investigation of alternative oil sources derived from Amazonian species is relevant.

  Jupati (Raphia taedigera Mart.) is a typical Amazonian oil seed. The plant is a palm tree that grows in flooded and swampy areas in the Brazilian Amazon, especially in Pará State. The ovoid-oblong jupati fruits are coated by rhomboids, reddish-brown scaly-shaped structures.7

  The jupati oil employed in this study was extracted under conditions of sustainable forest management, which prevents deforestation and respects the ecosystem's self-sustaining mechanisms. The simple extraction method employed produces an oil of poor quality, typically with high acidity and a high moisture content, which makes it unsuitable for direct human consumption. Oils with such characteristics make unfeasible the direct use of basic catalysts because of the soap production, which produces emulsions, lowering the yield or even preventing the separation of the biodiesel and glycerol phases. This study did not perform any prior purification of the raw material. Additional steps would make the production process more complex and expensive and also generate an increased quantity of waste. Thus, as acid catalysis do not form soaps they were used to produce the biodiesel. In order to produce a totally renewable fuel, ethanol was used, since it is completely renewable and substantially less toxic and harmful to the environment. However, the joint use of low-quality vegetable oil, ethanol, and acid catalysis hinders the production of biodiesel of good quality and with high yields. Thus, the large-scale biodiesel production generally uses good-quality raw material, methanol, and alkaline catalysis.8,9

  Response surface methodology (RSM) has been used to optimise various processes, including the transesterification of vegetable oils.10 For example, the conversion of different vegetable oils to biodiesel has been optimised by this method.11-14 In all cases, only processes involving low acidity vegetable oils, alkaline catalysts, and methanol have been studied.

  Given these aspects, the experimental design and RSM were used to establish the best conditions for biodiesel synthesis through acid-catalysed transesterification of low-quality vegetable oil (coming from sustainable forest management) and ethanol.

   

  Experimental

  Reagents

  Jupati oil was produced by the Multi-Product Cooperative of Santo Antônio (Cooperativa Multi­Produtos de Santo Antônio, CMSA), which is located in the municipality of Breves, Marajó Island, Pará, Brazil.

  Anhydrous ethanol, anhydrous sodium sulfate, and sodium bicarbonate were purchased from specialised local stores. Methanesulfonic acid was donated by Agropalma S.A. Reagents were used without further purification.

  Reagents and chromatographic standards, including the fatty acid methyl ester (C4:0-C24:0), N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA), methyl heptadecanoate (C17:0, 99.9%), tricaprin, and butanetriol, were purchased from Aldrich. Heptane was purchased from VETEC. All reagents were of analytical grade.

  Physicochemical characterisation of jupati oil

  The fatty acid composition of the jupati oil was determined by gas chromatography in accordance with the American Oil Chemists' Society (AOCS) official method Ce 1-62, as detailed in Conceição et al.3

  The acid value, peroxide value, saponification value, unsaponifiable matter value, and the calculated iodine value were obtained according to AOCS official methods Cd 3d-63, Cd 8-53, Tl 1a-64, Ca 6b-53, and Cd 1c-85, respectively. The moisture was determined using AOCS official method Ca 38-2b. The density at 20 ºC and the kinematic viscosity at 40 ºC were determined using ASTM standards methods, as mentioned in Conceição et al.3

  Experimental design

  The effects of the independent variables on the response variables were evaluated using RSM. The independent variables were the catalyst concentration (X1) (in relation to oil mass), reaction temperature (X2), and the molar ratio of alcohol to oil (X3). The response variables were the ester content (Y1), the viscosity (Y2), and the yield (Y3) of the jupati biodiesel. The selection of factorial levels was based on the literature and the properties of the oil and the alcohol used as raw materials.3 The Statistica software package (Statsoft, v. 7) was used to analyse the results.

  Two experimental designs were used (see details in Table 1) and a single model was obtained by combining the two experimental designs. In this case, the variables were normalised between –1 and +1, and the pure error was calculated with four degrees of freedom (experiments 9-11 and 16-18). The first set of experiments was configured as a 23 design (experiments 1-11) with three replicates of the central point (experiments 9-11), in which the transesterification of the jupati oil was carried out using catalyst concentrations of 1 (–1) or 2% (–0.38), reaction temperatures of 70 (–1) or 80 ºC (1) and alcohol-to-oil molar ratios of 6:1 (level –1) or 9:1 (level –0.24). In the second design of experiments (experiments 12-22), we used a central composite design (CCD) of 22 (experiments 12-15) with four axial points (experiments 19-22) and three replicates of the central point (experiments 16-18), thereby generating a second-order model in which the catalyst concentrations were 3 (0.25) or 4% (0.87), the reaction temperature was maintained at 80 ºC (1) and the alcohol-to-oil molar ratios were 10:1 (0.02) or 12:1 (0.53).
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  Biodiesel production process

  A heating mantle with stirring capability, a condenser, and a 500 mL round-bottom flask were used for the transesterification reactions.

  Initially, 100 g of jupati oil were transferred into the flask and heated to 40 ºC. Next, alcohol and catalyst, in quantities determined by the experimental design (Table 1), were transferred into the flask, and the reaction mixture was stirred at the desired temperature for 10 h.

  At the end of the reaction, the mixture was transferred to a 500 mL separation funnel to separate the esters (the upper phase) from the glycerol (the lower phase), which was discarded.

  The biodiesel was washed with 50 mL of distilled water and 50 mL of a 5% solution of sodium bicarbonate to remove impurities, such as alcohol, catalyst, and residual glycerol. Then, the biodiesel was dried with anhydrous sodium sulfate (10% relative to the oil mass) and filtered through a sintered-glass frit. After the products were washed and dried, the stoichiometric yield of the reaction was determined, and the biodiesel was analysed.

  Statistical analysis

  RSM is a set of mathematical and statistical techniques that are useful to model and analyse problems when the goal is to optimise a response of interest that is influenced by several variables.15,16 The first step of the RSM was to obtain a mathematical model that describes the response variables (Y1, Y2, and Y3) as a function of the independent variables (X1, X2, and X3). The equation obtained from RSM considers only the significant coefficients, as shown in equation 1:

  
    [image: Equation 1]

  

  where Xi and Xj are the coded variables; β0 (intercept), βi (linear coefficients), βii (quadratic coefficients), and βij (interaction coefficients) are the model coefficients, and e is the error. The model obtained from regression analysis was used to generate the response surface and contour plots. For the selection of the significant terms from the model, the significance level was set at 95% and p < 0.05.

  The second step was to determine the quality of the model, which was assessed by analysis of variance (ANOVA) using an F-test.17

  Physicochemical characterisation of the synthesised jupati ethyl biodiesel

  The measured properties of the jupati ethyl biodiesel synthesised using the optimised experimental conditions are described below.

  The reaction yield was calculated on the basis of the stoichiometry of the reaction using the average molar mass of the esters and the mass of biodiesel produced.

  The ester content was determined by gas chromatography according to standard method EN 14103. The samples were analysed on a Varian CP 3800 chromatograph equipped with an auto injector and a flame ionisation detector (FID). A CP WAX 52 CB capillary column was used with the following features: 30 m length, 0.32 mm internal diameter, and 0.25 µm film thickness. Helium gas was used as the mobile phase at a flow rate of 1.0 mL min–1. The temperature program was T1 = 170 ºC for 1 min, R1 = 20 ºC min–1, and T2 = 250 ºC for 5 min.

  The microcarbon residue was determined according to standard method ASTM D 4530 with an ALCOR microcarbon residue tester. The corrosiveness to copper was determined using ASTM D 130 with a Koehler copper corrosion test bath. The kinematic viscosity at 40 ºC was determined according to ASTM D 445 using an ISL automatic viscometer (model VH1). The acid value was determined according to standard method EN 14104.

  The contents of free glycerine, total glycerine, and mono-, di-, and triglycerides were determined by gas chromatography according to standard method ASTM D 6584 on a Varian CP 3800 chromatograph equipped with an auto injector and an FID. A Varian CP 9079 capillary column was used with the following features: 15 m length, 0.32 mm internal diameter, and 10 µm film thickness. Helium gas was used as the mobile phase at a flow rate of 1.0 mL min–1. The temperature program was T1 = 50 ºC for 1 min, R1 = 15 ºC min–1, T2 = 180 ºC, R2 = 7 ºC min–1, T3 = 230 ºC, R3 = 30 ºC min–1, and T4 = 380 ºC for 10 min. The sulfated ash content was determined according to standard method ASTM D 874 using a Linn-Electro Therm muffle furnace.

  The flash point was determined according to standard method ASTM D 93 using a Tanaka automated Pensky-Martens closed-cup flash-point tester (model APM 7). The density at 20 ºC was determined according to ASTM D 4052 using a KEM automated density meter (model DA-500).

   

  Results and Discussion

  Physicochemical characterisation of jupati oil

  Jupati oil has three major fatty acids: C18:1 oleic (47.5%), C16:0 palmitic (32.0%), and C18:2 linoleic (19.0%). The high concentration of unsaturated fatty acids (approximately 67%) facilitates the oxidation, which explains the high peroxide value determined for the oil (16.0 mEq O2 kg–1).

  The measured acid value of 10.0 mg KOH g–1 indicated that acid catalysis should be used because the employment of a basic catalyst would require an additional step for oil neutralisation.18 Therefore, base catalysis was not adopted because our goal was to develop an alternative approach in which the oil could be used under the same conditions under which it is produced in the cooperative, without further treatment.

  The measurement results of the other important properties were as follows: saponification value (193.0 mg KOH g–1), unsaponifiable matter (2.7%), moisture (1%) and iodine value (75.0).

  Optimisation of reaction conditions by RSM

  In this study, the relationship between the response variables (yield, viscosity, and ester content) and the independent variables (catalyst concentration (X1), temperature (X2), and molar ratio (X3)) was determined using RSM. The results of each experiment of experimental design are shown in Table 1.

  Regression analysis was used to fit the empirical model to the data from the response variables.19 The response variables were correlated with the three independent variables using the polynomial equation shown in equation 1. The fitted models obtained for the ester content (Y1), the viscosity (Y2), and the yield (Y3) as functions of the significant independent variables are shown in equations 2, 3, and 4, respectively.
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  The goodness-of-fit of models Y1, Y2, and Y3 were verified by the coefficients of determination R2(Y1) = 0.9645, R2(Y2) = 0.9656, and R2(Y3) = 0.9643 and the adjusted coefficients of determination Adj R2(Y1) = 0.9380, Adj R2(Y2) = 0.9398 and Adj R2(Y3) = 0.9375. These R2 values indicate that 96.45, 96.56, and 96.43% of the variability in the response variables, respectively, is explained by these models. Less than 4% of the total variability is not explained by the models. The data in Table 2 demonstrate that the models can be considered statistically significant according to the F-test at a 95% confidence level. The F-values (ratios between mean squares of regression and residue) of Y1, Y2, and Y3 are 36.2, 35.6, and 36.0, respectively, and are significantly greater than F9,12 = 2.8.
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  For the calculated coefficients to be statistically significant, their corresponding p values should be less than 0.05 at a 95% confidence level. Pareto charts obtained from the experimental design are shown in Figures 1a-c for the ester, the viscosity, and the yield, respectively. The effects of the variables and their interactions are increasingly significant as they move further right of the dashed vertical line.
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  According to Figure 1a, the variables X2(Q) and X2(L) displayed the greatest effect on the ester content of the biodiesel. Their respective values, –53.4 and 33.2, were the highest among the determined values. Notably, increasing the temperature from the lowest level to the highest level yielded an average increase in the ester content of 11.5%. The interactions X1X3 and X1X2 and the variables X1(L) and X3(L) were found to have a significant effect on the ester content of the biodiesel. Their values were –23.8, 20.2, –12.5, and 11.8, respectively. An increase in variable X3(L) caused an average increase of 4.39% in the ester content of the biodiesel. The interaction X2X3 had little effect, and the variable X1(Q) was not significant at a 95% significance level.
  
  In Figure 1b, only the variables X2(Q) and X2(L) and the interaction X1X2 were found to be significant for the viscosity of the biodiesel. Their values were 9.4, –4.9, and –3.5, respectively. Variation of the temperature produced a 2.2% decrease in viscosity. Figure 1c shows that only the variables X2(Q), X1(L), X2(L), and X3(Q), with values of –11.3, 6.9, 4.0, and –3.5, respectively, were found to have a significant effect on biodiesel yield. Two values stood out: an average increase of 10.8% in yield when the catalyst concentration was changed and an average increase of 5.10% in yield when the temperature was increased.

  Figures 2a, 2b, and 2c show the values that were obtained experimentally vs. the values that were predicted by the models shown in equations 2, 3, and 4, respectively. Their respective correlations of R2 = 0.9645, 0.9656, and 0.9643 demonstrate that the regression models accurately describe the experimental data in the study intervals. Figures 3a-c show that the residuals are distributed normally along the lines and have positive and negative deviations in the same proportion, which indicate that the errors are not biased and are negligible.20

  
    

    [image: Figure 2. Predicted vs. actual values for (a) the ester content; (b) the viscosity; and (c) the yield.]
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  Figure 4 shows the response surface and contour plots for the effects of the catalyst concentration and temperature on the ester content, viscosity, and yield. Figures 4a and 4b show response surface and contour plots for the response variables ester content and viscosity, respectively. The ester and the viscosity exhibited the same behavior, and any catalyst concentration can be effectively used. However, the temperature must be greater than 72 ºC to obtain high ester content (region 95-100%, bounded by the darker region in Figure 4a) and low viscosity (region 3-5 mm2 s–1, bounded by the dark central region in Figure 4b). As shown in Figure 4c, increases in the catalyst concentration and temperature result in high yields. The highest yields (greater than 95%) are observed when the catalyst concentration is greater than 3.2% and the temperature is 75 ºC. The darker region denotes where higher yields can be obtained. A similar trend was also observed by Bouaid et al.21 in their study on the production of ethyl esters from vegetable oils.
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  The combined effect of the independent variables catalyst concentration and molar ratio on the ester content, the viscosity, and the yield (i.e., the response variables) is illustrated in Figures 5a, 5b, and 5c, respectively. Figure 5a shows that a high ester content (greater than 99%) is obtained when a molar ratio greater than 9:1 is used in conjunction with catalyst concentrations greater than 2%. Moreover, the ester content increases with increasing catalyst concentration and decreases (to values less than 95%) when the maximum and minimum values of the molar ratio and catalyst concentration are used. The effect of the catalyst concentration and molar ratio on the viscosity displays the same trend as their effect on the ester content. The best viscosity values were obtained when catalyst concentrations between 3.4 and 4.2% and molar ratios between 11:1 and 13.8:1 were used (Figure 5b). Figure 5c shows that higher yields were obtained with increasing molar ratios. Similarly, Cavalcante et al.22 found that the best yields for the production of ethyl esters of castor oil were obtained when the molar ratio was increased. This same trend was also found for the catalyst concentration. Therefore, high yields (greater than 90%) are obtained when the catalyst concentration exceeds 3% and when the molar ratio is greater than 10:1. Lower values for these variables result in lower and less desirable yields.
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  Figure 6 shows the combined effects of the temperature and the molar ratio on the response variables. Figure 6a shows that any molar ratio value can be used to obtain a high ester content (greater than 99%) if the reaction temperature is between 74 and 80 ºC. The ester content increases with increasing temperature. However, a decrease in the ester content is observed at temperatures greater than 80 ºC. This, perhaps, is due to the fact that the transesterification reaction is reversible. Higher temperatures would increase the amount of ethanol in the gas phase, favoring the ester hydrolysis. Figure 6a shows an optimum effect when the reaction temperature is 77 ºC and the molar ratio is greater than 10:1. As shown in Figure 6b, viscosity decreases with increasing temperature. The optimum viscosity is reached at a reaction temperature between 74 and 78 ºC and at molar ratios greater than 11:1. The curvature of the surface plot (Figure 6c) reveals a significant interaction between the temperature and the molar ratio and their effect on the yield. High yields (greater than 90%) are obtained in the central region of the plot, where the temperature is 76 ºC and the molar ratio is 11:1.
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  Two experiments were performed to test the predictive ability of the proposed models. Table 3 shows the reaction conditions of the experiments, the responses obtained, and the relative error values between the real and predicted responses. The reaction conditions selected for use in the validation experiment are close to the optimal conditions.
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  An analysis of the data in Table 3 shows that the relative errors for the response variables are low, which emphasises the good correlation between the measured and predicted values and suggests that the ester content, the viscosity, and the yield can be predicted by the model proposed in this study.

  Physicochemical properties of the synthesised jupati biodiesel

  The properties of jupati biodiesel were determined to assess the fuel's quality, and the biodiesel was produced using the optimal conditions predicted by the model: a catalyst concentration of 3.85%, a temperature of 80 ºC, and a molar ratio of 10:1. The jupati biodiesel production process exhibited an excellent yield (93.5%). The ester content was 99.75%, which indicates a high level of product purity. Other important properties that demonstrate the quality of the synthesised fuel are the contents of free glycerine (0.011% mass) and total glycerine (0.103% mass), monoglycerides (0.309% mass), diglycerides (0.071% mass), and triglycerides (0.011% mass).

  The acid value (0.44 mg KOH g–1), corrosiveness to copper (1), and microcarbon residue (0.01% mass) results are satisfactory, which is important because acid catalysis was used in this study and could negatively affect these properties. Additionally, the kinematic viscosity (4.0 mm2 s–1), density (870.1 kg m–3), and flash point (182 ºC) demonstrate the excellent quality of the biodiesel produced.

   

  Conclusions

  The results obtained in this study using RSM to determine the effects of three reaction variables - the catalyst concentration, temperature, and molar ratio - on the ester content, viscosity, and yield of jupati biodiesel using ethanolysis indicate that the biodiesel produced had excellent fuel properties. The optimal conditions for the selected transesterification variables, as predicted by the statistical model, were a catalyst amount of 3.85 wt.%, a temperature of 80 ºC, and a molar ratio of 10:1, with an actual jupati biodiesel ester content of 99.75%, a viscosity of 4.0 mm2 s–1, and a yield of 93.5%. Therefore, this study supports the use of RSM in optimising the production of biodiesel and shows that satisfactory and feasible production conditions can be achieved even when the acid catalysis, ethanol, and low-quality vegetable oil are used.

   

  Supplementary Information

  Supplementary data (ester content and glycerol chromatograms) are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    In this study, we prepared the macrocyclic Schiff base ligand (L) derived from 1,4-dicarbonyl-phenyl-dihydrazide and pentane-2,4-dione (2:2) and its CoII, CuII and NiII complexes. The compounds were characterized by the analytical and spectroscopic methods like elemental analysis, molar conductance measurements, mass spectrometry, 1H nuclear magnetic resonance (NMR), and Fourier transform infrared (FTIR) spectroscopy. The ligand behaves as a tetradentate ligand and coordinates to the metal ions via the nitrogen atoms and the complexes have the mononuclear structures. The analytical and spectroscopic results indicated that the complexes are non-electrolytes in nature and may be formulated as [M(C26H28N8O4)X2], where M = CoII, CuII and NiII and X = Cl–. The antimicrobial activities of the ligand and its complexes, as growth inhibiting agents, have been screened in vitro against different species of bacteria and fungi and the results concluded that the metal complexes are effective drugs against the tested strains as compared to the macrocyclic ligand.
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  Introduction

  Macrocyclic compounds have attracted increasing interest owing to their mixed soft-hard donor character, versatile coordination behavior and in the understanding of molecular processes.1,2 Macrocyclic metal complexes are of significant attention in terms of structural and coordination chemistry. The study of metal complexes of macrocyclic ligands appears to be fascinating in view of the possibility of obtaining coordination compounds of unusual structure and stability. Transition metal macrocyclic complexes have received exceptional consideration because of their active part in metalloenzymes and as biomimetic model compounds due to their closeness to natural proteins and enzymes. Synthetic tetraaza macrocycle (N4) molecules are considered typically good models for oxygen carriers due to the presence of four nitrogen donor sites confined to a single four-fold or a slightly four-fold plane in a ring structure, appropriate for metal ligand binding. The research field dealing with macrocyclic metal complexes is very broad due in part to their potential interest for a number of interdisciplinary areas that include bioinorganic chemistry, catalysis, and magneto chemistry.3-5 A number of important macrocyclic molecules which show biological activities including antibacterial, antifungal,6-15 antidiabetic,16 antitumor,17-19 antiproliferative,20,21 anticancer,20,21 herbicidal,22 and anti-inflammatory activities13 have been reported. Due to their capability to form complexes with different transition metals, macrocyclic metal complexes can act as catalysts for different reactions.23-27 Synthetic macrocycles are emerging class of compounds with varying chemistry, different molecular topologies and sets of donor atoms. It is known fact that N atom plays a key role in the coordination of metals at the active sites of numerous metallobiomolecules.9 Due to the demand of new metal based antibacterial and antifungal compounds, metallorganic chemistry is becoming an emerging area of research.28,29 Important characteristics that can be correlated with good antimicrobial activities are the lipophilicity and penetration of complexes through the lipid membrane. A survey of the literature reveals that no work has been carried out on the synthesis of metal complexes with macrocyclic hydrazone Schiff base ligand derived from 1,4-dicarbonyl-phenyl-dihydrazide with pentane-2,4-dione. The coordination abilities of Schiff base have attracted our attention and aroused our interest in elucidating the structure of CoII, CuII and NiII.

  The present study describes the coordination behavior of macrocyclic system derived from the condensation of 1,4-dicarbonyl-phenyl-dihydrazide with pentane-2,4-dione towards some transition elements. For this purpose the complexes of CoII, CuII and NiII ions with ligand were studied and the structure of the complexes were elucidated using elemental analyses, infrared (IR), 1H nuclear magnetic resonance (NMR), magnetic moment, molar conductance, and thermal analysis measurements. Besides the characterization of complexes by physicochemical technique, biological activities of the synthesized complexes were examined against some microbial strains for evaluation of antibacterial and antifungal activities.

   

  Experimental

  Materials and methods

  All chemicals used were of AnalaR grade. Pentane-2,4-dione was purchased from Sigma Aldrich and diethyl terephthalate was purchased from Loba Chemie India. Hydrazinhydrate and metal(II) chlorides were obtained from Merck and were used as received without any further purification. All necessary precautions were taken to exclude moisture during the synthesis and handling of the compounds. Elemental analysis of ligand and its metal complexes were carried out using Perkin-Elmer elemental analyzer. Molar conductance of the complexes was measured using a coronation digital conductivity meter. Fourier transform infrared (FTIR) spectra of the ligand and its metal complexes were recorded in the spectral range 4000-400 cm-1 (using KBr) with a Perkin-Elmer Series 2400 apparatus and FTIR/far infrared (FIR) Perkin Elmer (Frontier) spectrometer in the range 700-30 cm-1 (using CsI), respectively. Electronic spectra were recorded on a Perkin-Elmer spectrophotometer. Magnetic susceptibility measurements were done using Gouy balance. 1H NMR spectra were run at Bruker 300 MHz spectrometer in dimethylsulfoxide (DMSO) against tetramethylsilane (TMS) as internal reference. Thermal analysis data was studied under nitrogen atmosphere using an A63000 SII technology instrument.

  Synthesis of 1,4-dicarbonyl-phenyl-dihydrazide

  To 2.22 g of diethyl ester of terephthalic acid (1) in 20 mL of ethanol was added hydrazine hydrate (2) (98%, 2 mL) in ethanol. The solution was refluxed for 3-4 h. The reaction mixture was allowed to cool to the room temperature and then poured onto ice cold water. The terephthalohydrazide (3) thus obtained, was filtered and recrystallized from ethanol.

  1,4-dicarbonyl-phenyl-dihydrazide (3)

  Yield: 68%; buff color; IR (KBr) νmax / cm-1 3432, 1716; 1H NMR (300 MHz, DMSO-d6) δ 7.25-8.01 (m, 4H, J 4.24, 1.72 Hz, Ar–H), 7.87 (t, 1H, J 8.0, 4.0 Hz, N–H), 1.98 (d, 2H, NH2); MS (ESI) calcd. for C8H10N4O2 [M]+: 194.19; found: 194.08.

  Synthesis of macrocyclic ligand (L)

  Pentane-2,4-dione (0.324 g, 2 mmol) in ethanol (20 mL) was added to a solution of terephthalohydrazide (3) (0.388 g, 2 mmol) in ethanol (20 mL) containing a few drops of concentrated HCl as depicted in Scheme 1. The reaction mixture was refluxed for 4 h. The mixture was cooled to room temperature and the solvent removed in vacuo until a solid product was formed that was washed with cold ethanol and dried under vacuum.
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  Macrocyclic ligand L (C26H28N8O4)

  Yield: 72%; brown solid; IR (KBr) νmax / cm-1 3336, 1625; 1H NMR (300 MHz, DMSO-d6) δ 7.18-8.76 (m, 4H, J 4.25, 1.73 Hz, Ar–H), 7.84 (t, 1H, J 8.0, 4.0 Hz, N–H), 0.8-1.0 (s, 12H, J 8.0, 4.0 Hz, –CH3), 1.0-1.4 (s, 4H, J 8.0, 4.0 Hz –CH2); MS (ESI) calcd. for C26H28N8O4 [M]+: 516; found: 517 [M + H+]+.

  Synthesis of the CoII, CuII and NiII complexes

  CoII, CuII and NiII complexes were prepared by the general method. To a solution of 1 mmol of the appropriate M(Cl)2 metal salts in 20 mL of ethanol was slowly added with stirring a solution of 1 mmol of L in 20 mL of ethanol and the reaction mixture was refluxed for 3 h. The precipitate was filtered off, washed with ethanol and dried under vacuum over anhydrous CaCl2; yield 60-65% (Scheme 2).
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  [Cu(C26H28N8O4)Cl2]

  Yield: 72%; dark brown; IR (KBr) νmax / cm-1 3342, 1610, 446, 235; 1H NMR (300 MHz, DMSO-d6) δ 7.25-8.01 (m, 4H, J 4.25, 1.73 Hz, Ar–H), 7.87 (t, 1H, J 8.0, 4.0 Hz, N–H), 0.8-0.98 (s, 12H, J 8.0, 4.0 Hz, –CH3), 1.0-1.4 (s, 4H, J 8.0, 4.0 Hz, –CH2); MS (ESI) calcd. for [Cu(C26H28N8O4)Cl2] [M]+: 651; found: 650.

  [Co(C26H28N8O4)Cl2]

  Yield: 65%; reddish brown; IR (KBr) νmax / cm-1 3343, 1620, 433, 232; 1H NMR (300 MHz, DMSO-d6) δ 7.25-8.15 (m, 4H, J 4.22, 1.71 Hz, Ar–H), 7.87 (t, 1H, J 8.1, 4.3 Hz, N–H), 0.8-0.9 (s, 12H, J 8.1, 4.2 Hz, –CH3), 1.0-1.4 (s, 4H, J 8.1, 4.2 Hz, –CH2); MS (ESI) calcd. for [Co(C26H28N8O4)Cl2] [M]+: 647; found: 648 [M + H+]+.

  [Ni(C26H28N8O4)Cl2]

  Yield: 68%; brown; IR (KBr) νmax / cm-1 3346, 1613, 457, 237; 1H NMR (300 MHz, DMSO-d6) δ 7.25-8.10 (m, 4H, J 4.25, 1.73 Hz, Ar–H), 7.89 (t, 1H, J 8.0, 4.0 Hz, N–H), 0.8-0.98 (s, 12H, J 8.0, 4.0 Hz, –CH3), 1.0-1.4 (s, 4H, J 8.0, 4.0 Hz, –CH2); MS (ESI) calcd. for [Ni(C26H28N8O4)Cl2] [M]+: 646; found: 647[M + H+]+.

  Antimicrobial activity

  The antimicrobial activities of the synthesized compounds (macrocyclic ligand and its metal complexes) have been screened in vitro, as growth inhibiting agents. The antibacterial and antifungal screening were carried out using disc diffusion method against some strains of bacteria like Escherichia coli, Bacillus subtilis, Pseudomonas aeruginosa, and Staphylococcus aureus and fungal species, including Candida albicans, Fusarium sp, Trichosporon sp . and Aspergillus flavus. The compounds were dissolved in 1% DMSO to get the required test solutions. The nutrient agar and potato dextrose agar (PDA) were used as a required medium for these activities. After incubation for 24 h at 27 ºC in the case of bacteria and for 48 h at 27 ºC in the case of fungi, inhibition of the organisms was evidenced by clear zone surrounding each disk, which was measured.

   

  Results and Discussion

  The two dione groups of pentane-2,4-dione were used for the condensation of two amino groups of 1,4-dicarbonyl-phenyl-dihydrazide to synthesize the macrocyclic Schiff base ligand. The condensation between 1,4-dicarbonyl-phenyl-dihydrazide and pentane-2,4-dione lead to the formation of a tetradentate macrocyclic ligand. It is stable in air and is partially soluble in ethanol, methanol and completely soluble in chloroform, tetrahydrofuran (THF), dimethylformamide (DMF) and DMSO. The metal(II) complexes are non-hygroscopic, soluble in DMSO, DMF and sparingly soluble in methanol and ethanol. The elemental analysis data of ligand and its metal complexes along with molar conductance values are given in Table 1.

  
    

    [image: Table 1. Analytical data]

  

  Molar conductance

  The metal(II) complexes of macrocyclic Schiff base ligand (10-3 mol dm-3) were dissolved in DMF and molar conductivities of the solutions at room temperature were measured. The conductance data (Table 1) indicate that all the metal complexes are having conductivity values in accordance with non-electrolytes.30,31

  IR spectra

  The IR spectra of the macrocyclic ligand and its metal complexes were obtained on a Perkin-Elmer Series (2400) apparatus in the range 4000-400 cm-1and FTIR/FIR Perkin Elmer (Frontier) spectrometer in the range 700-30 cm-1. The peak observed at 1690 cm-1 in pentane-2,4-dione is assigned for >C=O group. 1,4-Dicarbonyl-phenyl-dihydrazide has strong bands at 3432 cm-1 corresponding to the –NH2 stretching frequency. In macrocyclic Schiff base ligand these peaks are absent, the imine >C=N band is superimposed with the >C=O group and appears as a strong band at 1625 cm-1,32 confirming the formation of macrocyclic ligand (Supplementary Information Figure S1). The strong band observed at 1625 cm-1 is shifted to lower wavenumber by 16-8 cm-1 in the spectra of metal(II) complexes. This indicates the coordination of imino (>C=N) groups to the metal atom in complexes. In the spectra of macrocyclic ligand and its complexes the band due to ring ν(NH) is observed at 3340-3330 cm-1. In the spectra of the complexes, appearance of new bands in the region 460-420 and 220-240 cm-1 has been attributed to M–N and M–Cl bonds, respectively.33 From the IR spectral data it is concluded that macrocyclic ligand acts as a tetradentate ligand in CoII, CuII and NiII complexes, coordinating through imino nitrogen atoms. Important IR spectral bands of macrocyclic ligand and its metal complexes are summarized in Table 2.
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  Mass spectra

  The mass spectra of ligand and its CoII, CuII and NiII complexes were recorded and their stoichiometric compositions were compared. The mass spectrum of macrocyclic ligand (C26H28N8O4) shows a well-defined molecular ion peak at m/z 517 which coincides with the formula weight of the Schiff base. The mass spectra of all the synthesized macrocyclic complexes displayed molecular ion peaks [M + H]+ at m/z 650, 648 and 647 a.m.u. corresponding to their molecular formulae [Cu(C26H28N8O4)Cl2], 
    [Co(C26H28N8O4)Cl2] and [Ni(C26H28N8O4)Cl2], respectively. The mass spectrum of macrocyclic CoII complex shows a molecular ion peak at m/z 648, which corresponds to [Co(C26H28N8O4)Cl2 + H+]+ as the calculated mass is 647. The series of peaks have been observed at m/z 516, 420, 270, 162, and 147 a.m.u., corresponding to various fragments. The mass spectra of CoII, CuII and NiII macrocyclic complexes have been recorded (Table 3, Figures S2-S4). This data is in good agreement with the proposed molecular formula for these complexes. In addition to the peaks due to the molecular ion, the spectra exhibit peaks assignable to various fragments arising from the thermal cleavage of the complexes.
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  1H NMR

  A survey of literature reveals that the NMR spectroscopy has been proved useful in establishing the structure and nature of many Schiff base ligands and its metal complexes. The 1H NMR spectra of Schiff base ligand was recorded in DMSO-d6 solution using TMS as internal standard (Figure S5). The 1H NMR data for all complexes show a multiplet in the 6.70-7.00 ppm region which may be assigned to the secondary amide protons (C–NH; 4H). A multiplet in the 1.0-1.4 ppm region may be assigned34 to the methylene protons (–CH2–; 4H). However, a multiplet in the region 7.18-8.76 ppm may be assigned to aromatic ring protons,35,36 while a singlet at 0.8-1.0 ppm may be ascribed to the methyl protons of the pentane moiety (–CH3; 12H).

  Electronic spectral studies and magnetic measurements

  The electronic spectrum of the macrocyclic Schiff base CuII complex recorded at room temperature, in DMF solution, shows broad band absorption in the range 14,220­14,492, 20,398-20,610 and 22,725-23,252 cm­1, which may be assigned to 2B1g → 2A1g, (dx2–y2 → dz2)(n1), 2B1g → 2B2g, (dx2–y2 → dzy)(n2), and 2B1g → 2Eg, (dx2­y2 → dzy,dyz)(n3) transitions, respectively, which confirms the octahedral geometry of the complex.37 The most probable geometric configuration indication of the synthesized metal complexes is their magnetic moment value, which lies at 1.98 BM for CuII complex corresponding to the presence of one unpaired electron and it supports an octahedral geometry.38

  The electronic spectrum of the macrocyclic CoII complex exhibits absorption bands in the range 12,656­12,901, 15,382-15,745 and 22,219-22,725 cm-1, which may be assigned to 4T1g (F) → 4T2g (F)(n1), 4T1g → 4A2g (n2) and 4T1g (F) → 4T1g (P)(n3) transitions, respectively, confirm an octahedral geometry around a CoII ion, in the complexes under study. The geometry of the complex is supported by the magnetic moment measurements which lie at 4.98 BM.39

  The magnetic moment of the macrocyclic NiII complex at room temperature lies at 2.97 BM which shows the presence of an octahedral environment around the NiII ion. The electronic spectra of the NiII complexes exhibit three absorption bands, in the range of 10,200-11,109, 15,149­15,382 and 26,313-27,395 cm-1 which may be assigned to three spin allowed transitions: 3A2g (F) → 3T2g (F)(n1), 3A2g (F) → 3T1g (F)(n2), and 3A2g (F) → 3T1g (P)(n3), respectively.39

  Thermal analysis

  The thermal stabilities of the metal complexes were investigated using thermogravimetric analysis (TGA) under nitrogen atmosphere with a heating rate of 20 ºC min-1 from 35 to 800 ºC. The thermograms of all the complexes do not show any weight loss up to 225 ºC indicating the absence of water molecules in these complexes. The CoII complex started to decompose at 315 ºC and gradual decrease in the weight loss occurs up to 580 ºC. After that a straight line is obtained indicating the formation of cobalt as residue. The NiII complex gradually decreases its weight from 355 ºC and forms the metal oxide at 625 ºC. The CuII complex was stable below 335 ºC, after that it gradually decomposes to form the corresponding metal oxide at 700 ºC. The gradual decrease of the weight loss in the complexes may be due the removal of chlorine atoms as HCl gas, carbon and nitrogen in the organic moiety as their oxides. From the data it is confirmed that all the complexes are stable at ordinary temperature and NiII complex is more stable than the other complexes (Figure 1).
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  Antimicrobial activity

  The macrocyclic ligand and its CoII, CuII and NiII complexes were tested in vitro against the bacterial species Escherichia coli (MTCC 1687), Bacillus subtilis (MTCC 441), Pseudomonas aeruginosa (MTCC 424), and Staphylococcus aureus (MTCC 96 ); and fungal species Candida albicans (MTCC 183), Fusarium sp . (MTCC 3326), Trichosporon sp . (MTCC 6179) and Aspergillus flavus (MTCC 2206) by the disc diffusion method. The standards used were amikacin and nystatin. The minimum inhibitory concentration (MIC) was determined by the Clinical and Laboratory Standards Institute recommended broth microdilution method M27-A3.40 The test tubes containing 5 mL of sterile nutrient/Sabouraud broth were inoculated with 0.02 mL of 24 h old culture of bacteria and fungi. Different amount of compounds in DMSO were aseptically added with the help of sterile pipettes from the stock solution 200 µg mL-1 to 5 mL quantities of respective media so as to reach the concentration from 1 µg mL-1 to 50 µg mL-1. All test tubes were incubated at 37 ºC and at room temperature for bacteria and fungi, respectively. Test tubes inoculated with organisms were observed for presence of turbidity after 24 and 48 h, respectively. The lowest concentrations of compounds inhibiting the growth of organisms were determined as MIC value (Tables S1 and S2).

  From the results of the antibacterial and antifungal activity of metal complexes, it is apparent that the metal complexes show greater antimicrobial activity than that of the free macrocyclic ligand; this advanced antibacterial activity of the metal complexes, compared with that of Schiff bases, is conceivably owing to modification in structure due to coordination, and chelating tends to make metal complexes act as more influential and powerful bacteriostatic agents, thus inhibiting the growth of the microorganisms. Overtone's concept and chelation theory41 explains the increased antimicrobial effect as the chelation has a tendency to make the ligand a more powerful and potent bacterial agent. On chelation, the polarity of the metal ion will be reduced to a better range due to the overlap of the ligand orbital and partial sharing of the positive charge of the metal ion with donor groups. Further, it increases the delocalization of π-electrons over the whole chelate ring and enhances the penetration of the complexes into lipid membranes and blocking of the metal binding sites in the enzymes of microorganisms. These complexes also disturb the respiration process of the cell and thus block the synthesis of proteins, which restricts further growth of the organism.42 In general, metal complexes are more active than the ligands because metal complexes may serve as a vehicle for activation of ligands as the principle cytotoxic species.43 The synthesized compounds exhibit moderate to strong antimicrobial activity. The CuII complex exhibits a higher activity than the other metal complexes towards fungal species. CoII, CuII and NiII complexes have low activity compared to the standard. In the case of fungal species, NiII complex shows remarkable activity against Fusarium sp . and C. albicans compared to the standard drug (Figures 2 and 3).
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  Conclusions

  The ligand and its CoII, CuII and NiII complexes were synthesized, characterized and tested for their antimicrobial inhibition potential. The outcome of antimicrobial studies showed that the macrocyclic ligand possessed mild activity and metal(II) complexes possessed moderate to significant activities against different bacterial and fungal strains which might be due to azomethine (–C=N–) linkage 
    and/or heteroatoms present in these compounds. The biological activity findings exhibited that majority of the macrocyclic ligands possessed increased activity upon coordination with different metal ions. The enhancement in biological activity upon coordination may be elucidated on the basis of Overtone's concept and chelation theory. The cytotoxicities values designate that metal complexes present significant cytotoxic activities that might help in the development of potent antimicrobial drugs. Further structural optimization revisions might thus represent a rationale for further investigation.
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    A simple and sensitive method using first-derivative ultraviolet spectrophotometry (DS­UV) was developed, validated, and compared to the high performance liquid chromatography (HPLC) method for quantification of paclitaxel (PTX) in a liposomal formulation. Different analytical performance parameters such as linearity, accuracy, precision, specificity, detection, and quantification limits were determined according to International Conference on Harmonization (ICH) guidelines. No interference from the lipid compounds was detected in the HPLC and the DS-UV methods at 246 nm. Linearity determined for paclitaxel concentrations ranging from 6.0 to 24.0 µg mL-1 presented a correlation coefficient higher than 0.999 for both methods. Relative standard deviation (RSD) values lower than 2% for intra- and inter-day precision data could be obtained. Accuracy mean values ranged from 98.9 to 102.0%. Robustness data showed that the PTX content was unaffected by the alteration proposed. Both methods were adequate to quantify the drug in the liposomal formulation. DS-UV proved to be rapid, accurate, selective, sensitive, and, therefore, an attractive tool for routine determination of PTX.
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  Introduction

  Paclitaxel (PTX) is a highly effective antineoplastic agent derived from natural sources. PTX covers a broad spectrum of antitumor activity and has been used to treat ovarian cancer, breast cancer, non-small cell lung cancer, head and neck tumors, Kaposi's sarcoma, and urologic malignancies.1 One of the main problems associated with this drug is its low solubility in water. The pharmaceutical product commercially available, Taxol®, consists of micellar dispersion of PTX in Cremophor EL® (polyethoxylated castor oil used as a solubilizing surfactant) and dehydrated ethanol (1:1 v/v). However, Taxol® therapy is associated with severe toxic side effects such as hypersensitivity reactions, nephrotoxicity, and neurotoxicity.2,3 In addition, PTX upon dilution with aqueous media can result in the drug precipitation.3,4 To overcome these disadvantages, efforts have been made to develop PTX delivery systems, including the use of liposomes.5-8 Liposomes are currently being investigated to improve current cancer treatment regimens due to their capacity to increase the solubility of poorly water-soluble antitumor drugs.

  The determination of PTX has been successfully carried out in raw material, biological matrices, and pharmaceutical products by high performance liquid chromatography (HPLC).7-11 Despite its undisputed advantages, the HPLC technique also presents several disadvantages: the high cost of instrumentation and operation, the need of experience in handling the equipment and processing samples, the long time required for analysis, and the use of large quantities of solvents. Such disadvantages have encouraged the development of simpler and faster methods, with smaller amounts of solvents and without prior extraction steps.

  The derivative spectrophotometric method with ultraviolet detection (DS-UV) has been widely used as a tool for quantitative analysis, characterization, and quality control in the pharmaceutical samples.12-14 This technique is based on the so-called derivative spectra generated from conventional or zero-order scan. DS-UV offers various advantages over the conventional methods such as the discrimination of the sharp spectral features over large bands, the enhancement of the resolution of overlapping spectra, and the elimination of interference from other formulation components.15,16 DS-UV is a simple, easily performed technique that provides a less expensive alternative when compared to HPLC. To our knowledge, no studies of PTX quantification in a liposomal formulation using the DS-UV method have been reported in the literature. Thus, the aim of the present study was to develop and validate an alternative analytical method, using DS-UV to quantify the PTX in a liposomal formulation and to compare the results obtained with HPLC, previously reported as the reference method for PTX determination.3,10,17

   

  Experimental

  Materials

  Paclitaxel was supplied from Quiral Quimica do Brasil S.A. (Juiz de Fora, Brazil). Dioleoylphosphatidylethanolamine (DOPE), and distearoylphosphatidylethanolamine-polyethyleneglycol 2000 (DSPE-PEG2000) were purchased from Lipoid GmbH (Ludwigshafen, Germany). Cholesterylhemisuccinate (CHEMS) was supplied by the Sigma Chemical Company (St. Louis, USA). Sodium chloride was obtained from Merck (Rio de Janeiro, Brazil). Acetonitrile HPLC grade was obtained from Fischer Scientific (New Jersey, USA). Analytical grade methanol was obtained from Isofar or ProQuimios (Rio de Janeiro, Brazil). Water was purified using a Milli-Q apparatus (Millipore, Billerica, USA). All other chemicals and reagents used were of analytical grade.

  Preparation of liposomes

  The empty liposomes were made up of DOPE, CHEMS, and DSPE-PEG2000 (in a 5.7:3.8:0.5 molar ratio, respectively), and were prepared by the lipidic hydration method. First, chloroform aliquots of lipids at 20 mmol L-1 total lipid concentration prepared in chloroform were transferred to a round bottomed flask and submitted to evaporation under reduced pressure until a thin lipid film was obtained. For preparation of PTX liposomes, a PTX equivalent at 0.1% (m/v) was added to the lipid solution. The resulting film was hydrated in 0.9% m/v NaCl solution, followed by stirring with a vortex, until completely hydrated. This preparation was immediately submitted to the high-intensity probe sonication (20% amplitude) for 5 minutes, using a high-intensity ultrasonic processor (R2D091109 model; Unique® Instruments, Indaiatuba, Brazil). Nonentrapped PTX was eliminated by centrifugation (Sigma 4k-15 centrifuge, Sigma Laborzentrifugen GmbH, Osterode, Germany) at 3000 rpm at 4 ºC for 10 minutes.

  Instruments and analytical conditions

  Spectrophotometric analyses were carried out on an Allcrom® UV 6300 spectrophotometer, connected to the UV-Vis Analyst® software. The absorbance was determined within the range of 200-400 nm with a 2 nm bandwidth, using 1.00 cm quartz cells. Measurements were performed using the zero-crossing wavelengths in the first derivative of the absorbance spectra, measuring the amplitude at 246 nm. The chromatographic apparatus of the HPLC analysis consisted of a Model 515 pump, a Model 717 Plus auto-injector, and a Model 2996 variable wavelength UV detector (Waters Instruments, Milford, USA) connected to the Empower software. Separations were performed using a 25 cm × 4 mm, 5 µm Lichrospher® 100 RP-18 column (Merck Millipore, Darmstadt, Germany). The mobile phase consisted of an acetonitrile-water (55:45 v/v) mixture, filtered and degassed by suction-filtration through a nylon membrane, in isocratic flow. The flow rate was 1.2 mL min-1 and the injection volume was 20 µL. The eluate absorbance was monitored at 227 nm.

  Method validation

  The proposed method was validated for both techniques for selectivity, linearity, precision, accuracy, robustness, and limits of detection (LOD) and quantification (LOQ) according to the procedures described in the International Conference on Harmonization (ICH) guidelines Q2 (R1) for the validation of analytical methods.18

  Specificity

  The specificity of the method was evaluated by analyzing solutions of empty liposome and PTX solutions (15.0 µg mL-1). Empty liposomes were disrupted using isopropanol in a volume ratio of 1:10 and then analyzed. The UV spectra of both solutions were recorded in the range of 200-400 nm. The system response was determined through the presence of interference or overlaps of liposome composition with the PTX response. For the HPLC analysis, these same preparations were injected into the chromatograph, to evaluate possible interfering peaks.

  Linearity

  For linearity experiments, standard solutions containing 200.0 µg mL-1 of PTX in methanol were prepared in triplicate. Aliquots of these solutions were diluted in methanol or mobile phase for DS-UV or HPLC analysis, respectively, and seven different concentrations (6.0, 9.0, 12.0, 15.0, 18.0, 21.0, and 24.0 µg mL-1 of PTX) were obtained and analyzed on three different days. Calibration curves with concentration vs. absorbance or peak area were plotted for each method and the obtained data were subjected to regression analysis using the least squares method. The linearity was expressed as correlation coefficient, considering values higher than 0.99.

  LOD and LOQ limits

  These parameters were determined based on the standard deviation of the response and the slope, using the calibration curve data. Analysis was performed in triplicate.

  Precision

  The intra-day precision was evaluated by analyzing six samples of PTX for a concentration equal to 15.0 µg mL-1 (at 100% of the test concentration) during the same day under the same experimental conditions using the DS-UV and HPLC methods. The inter-day precision was assessed by the same sample and carried out on a different day. The PTX contents and the relative standard deviations (RSD) were calculated. The acceptable values for the RSD were lower than 2%.

  Accuracy

  The accuracy experiments were performed applying the method to quantify PTX in the presence of components of the formulations. Empty liposomes were spiked with known amounts of PTX at different concentration levels (6.0, 12.0, 15.0, 18.0, and 24.0 µg mL-1). The samples were prepared in triplicate, appropriately diluted and analyzed by DS-UV and HPLC methods. The 98% to 102% were acceptable variables in measured concentrations.

  Robustness

  The robustness was determined in six samples (15.0 µg mL-1) after small variations in the experimental conditions. For the DS-UV method, two different methanol suppliers (Isofar and Proquimios) were used. For the HPLC analysis, the concentration of acetonitrile in the eluent system was altered (acetonitrile:water 55:45 or 53:47 v/v). Student's t-test was used to evaluate the difference between parameters. Differences were considered statistically significant when the p values were lower than 0.05.

  Drug encapsulation percentage

  The amount of PTX was determined in the liposomes before centrifugation (non-purified liposomes) and after centrifugation (purified liposomes). Briefly, the liposomes were disrupted using isopropanol in a volume ratio of 1:10 and later diluted in methanol or mobile phase for DS-UV or HPLC analysis, respectively. This dispersion was filtered in a 0.45 µm Millex HV filter and analyzed by DS-UV or HPLC method. The encapsulation percentage (EP) was calculated using the following equation 1:
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  Results and Discussion

  The main purpose of this work was to establish and validate a simple, sensitive and accurate method based on ultraviolet spectroscopy followed by derivative analysis for PTX quantification in a liposomal formulation. In addition, the evaluation of the efficiency of the developed method compared to the HPLC method, previously reported for the determination of the studied drug,3,10,17 was also investigated. In recent years, the development of spectrophotometry methods for determination of drugs has increased considerably due to their low cost and simplicity compared to the HPLC method.12-15 On the other hand, liposomes have been studied extensively because of their capability to accommodate a large variety of drugs, their good biocompatibility, low toxicity, and lack of immune system activation or suppression.19

  The first analytical experiments were performed in order to evaluate whether the components of the liposomal formulation could interfere with PTX quantification. For the HPLC method, no interference of the liposome excipients was noticed since no peak with the same retention time of the PTX was detected after injection of empty liposomes and detection at 227 nm (Figure 1). For the DS-UV method, the zero-order spectra of PTX and components of the liposomal formulation showed complete overlapping (Figure 2a). It was impossible to detect a wavelength where such interference was negligible; therefore, the classical UV method cannot be applied. To assure no significance of these signals from lipidic components, nominal derivative values were assessed. The first-order derivatives obtained from zero-order spectra eliminated interferences with zero-crossing of all lipidic components at 246 nm, allowing PTX quantification in the liposomal formulation (Figure 2b). In addition, in order to optimize the first-order derivative method, different smoothing factors (Δλ = 2.0, 4.0, and 8.0) were tested and a suitable signal-to-noise ratio and spectra with good resolution were obtained when Δλ = 2.0 was used. Spectra with a higher order of derivation were also analyzed; however, a significant reduction in sensitivity and an increase in the signal-to-noise ratio were observed (data not shown).
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  Table 1 shows the regression analysis data from the calibration curves of PTX for the DS-UV and HPLC methods. The least square regression showed excellent correlation, higher than 0.99, between the PTX concentration and the peak amplitude at 246 nm or peak area for DS-UV and HPLC, respectively, in the range of 6.0 and 24.0 µg mL-1. The linear regression model obtained by the ordinary least squares method is the statistical method most applied to evaluate analytical procedures. This method requires the treatment of the outliers as well as the verification of the assumptions of normality, homoscedasticity, and independency of the residuals.20 Both methods demonstrated adequate normality and homoscedasticity for p value less than 0.05. The linear regression equation was found to be y = 19495x (µg mL-1) + 8052 and y = 0.00096x (µg mL-1) + 0.0005 for HPLC and DS-UV, respectively. No significant difference was found among the slopes of the calibration curves prepared on three different days for HPLC (p = 0.10) and DS-UV (p = 0.06) methods. Significant linear regression and no deviation from linearity for both methods could be observed (Table 1).
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  The LOD were estimated at 0.6334 µg mL-1 and 0.9969 µg mL-1 while the LOQ found were equal to 2.1113 µg mL-1 and 3.3229 µg mL-1 for HPLC and DS-UV methods, respectively. The difference in LOD values found in comparison to previous studies21,22 can be attributed to the methods used for the determination of this parameter. In previous studies, the LOD and LOQ were established by assessing the signal-to-noise ratio level in a proportion of 3:1. In spite of being the simplest path to determine the detection capabilities of a chromatographic method, this approach is not recommended because it is dependent on analyst interpretation since, there is no agreement on where to measure the noise and the extension of baseline that has to be measured. Therefore, the results show great variability among laboratories and analysts leading to difficulties in comparing the results. In this case, method based on the parameters of the calibration curve is statistically more reliable.23,24 Based on these considerations, in the present study, LOD and LOQ were estimated by using the standard deviation of the response and the slope of the constructed calibration curve.

  The results of intra- and inter-day precision, calculated as RSD, are reported in Table 2. Mean content of PTX intra- and inter-day were 100.9 and 101.3% for the HPLC method, whereas for the DS-UV the mean content obtained was 101.5% in both intra- and inter-day analysis. Relatively small RDS values, lower than 2.0%, for intra- and inter-day analysis were considered adequate, assuring a good precision of the results of the two methods evaluated. Statistical analysis showed no significant difference for precision data between the DS-UV and HPLC methods (p > 0.05).
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  The accuracy of the method was determined by recovery studies of the standard addition procedure. The maximum percent recoveries for low, intermediate, and high concentrations were, respectively, 98.10, 102.0, and 98.26% for the HPLC method, and 101.40, 100.70, and 101.30% for the DS-UV method (Table 3). These results demonstrated a good agreement between amounts added and found; thus, any small change in the PTX concentration in the solution can be accurately determined by the proposed methods.
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  The results of the robustness study are summarized in Table 4. The results showed that the PTX content was unaffected by alteration of the concentration of acetonitrile in the eluent and attractive system for HPLC or reagent supplier in DS-UV. Although a mean recovery greater than 102.0% was observed for the HPLC method, no significant difference between the effects analyzed was detected (p > 0.05).
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  Finally, both methods were used to evaluate the PTX content in liposomal formulation. The evaluation of the drug encapsulation percentage is an essential physicochemical parameter in the development of a new drug delivery system. No significant difference was found between the previously validated HPLC method and the DS-UV method, and similar results for PTX quantification were obtained. The values obtained were equal to 87 ± 1% and 92 ± 9% for HPLC and DS-UV analysis, respectively (p = 0.51); thus, both methods were adequate for the determination of PTX in liposomal formulation. This finding confirms that the DS-UV method is valid and could be employed for the routine quality control of PTX in liposomal formulations. In addition, DS-UV is a very simple and rapid method that is advantageous in terms of cost in routine analysis.

  Conclusion

  In the present study, a new derivative spectrophotometric method was developed for the determination of PTX in the presence of compounds of the liposomal formulation. The DS-UV method is simple, rapid, precise, accurate, robust, and selective, and may be a useful tool for routine use in quality control laboratories for PTX determination.

   

  Acknowledgements

  The authors would like to thank FAPEMIG and CNPq for their financial support. Marcos V. Barbosa and Liziane O. F. Monteiro wish to thank CNPq and CAPES, respectively, for their grant.

   

  Reference

  1. 	Rowinsky, E. K.; Donehower, R. C.; N. Engl. J. Med. 1995, 332, 1004.

  2. 	Singla, A. K.; Garg, A.; Aggarwal, D.; Int. J. Pharm. 2002, 235, 179.

  3. 	Musteata, F. M.; Pawliszyn, J.; J. Pharm. Pharm. Sci. 2006, 9, 231.

  4. 	Koudelka, S.; Turánek, J.; J. Control. Release 2012, 163, 322.

  5. 	Chen, Q.; Zhang, Q. Z.; Liu, J., Li, L. Q.; Zhao, W. H.; Wang, Y. J.; Zhou, Q. H.; Li, L.; Chin. J. Oncol. 2003, 25, 190.

  6. 	Rane, S.; Prabhakar, B.; Indian J. Pharm. Sci. 2013, 75, 420.

  7. 	Crosasso, P.; Ceruti, M.; Brusa, P.; Arpicco, S.; Dosio, F.; Catte, L.; J. Control Release 2000, 63, 19.

  8. 	Yang, T.; Choi, M. K.; Cui, F. D.; Kim, J. S.; Chung, S. J.; Shim, C. K.; Kim, D. D.; J. Control. Release 2007, 120, 169.

  9. 	Ciutaru, D.; Badea, I.; Lazara, L.; Nicolescu, D.; Tudose, A.; J. Pharm. Biomed. Anal. 2004, 34, 493.

  10. 	Mittal, A.; Chitkara, D.; Kumar, N.; J. Chromatogr. B 2007, 855, 211.

  11. 	Tian, J.; Stella, V. J.; J. Pharm. Sci. 2008, 97, 3100.

  12. 	Tavares, G. D.; Ishikawa, G. M.; Monteiro, T. F.; Zanolini, C.; Kedor-Hackmann, E. R. M.; Bou-Chacra, N. A.; Consiglieri, V. O.; Quim. Nova 2012, 35, 203.

  13. 	Braga, R. R.; Sales, J.; Marins, R. C.; Ortiz, G. M.; Garcia, S.; Spectrochim. Acta 2012, 91, 389.

  14. 	César, I. C.; Nogueira, F. H. A.; Pianetti, G. A.; J. Pharmaceut. Biomed. 2008, 48, 223.

  15. 	Donato, E. M.; Canedo, N. A. P.; Adams, A. I. H.; Fröehlich, P. E.; Bergold, A. M.; Rev. Ciênc. Farm. Básica Apl. 2010, 31, 125.

  16. 	Kus, S.; Marczenko, Z.; Obarski, N.; Chem. Anal. 1996, 41, 899.

  17. 	United States Pharmacopeia Convention. The United States Pharmacopeia, 34th ed.; Rockville, USA, 2011.

  18. 	International Conference on Harmonization of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH); Validation of Analytical Procedures: Text and Methodology, Q2(R1); ICH: Geneva, 2005.

  19. 	Lopes, S. C. A.; Giubeti, C. S.; Rocha, T. G. R.; Ferreira, D. S.; Leite, E. A.; Oliveira, M. C. In Cancer Treatment - Conventional and Innovative Approaches; Rangel, L., ed.; InTech: Rijeka, 2013, ch. 4.

  20. 	de Souza, S. V. C.; Junqueira, R. G.; Anal. Chim. Acta 2005, 552, 25.

  21. 	Badea, I.; Ciutaru, D.; Lazar, L.; Nicolescu, D.; Tudose, A.; J. Pharm. Biomed. Anal. 2004, 34, 501.

  22. 	Wei, Y.; Xue, Z.; Ye, Y.; Wang, P.; Huang, Y.; Zhao, L.; Biomed. Chromatogr. 2014, 28, 204.

  23. Bernal, E. In Advances in Gas Chromatography; Guo, X., ed.; InTech: Rijeka, 2014, ch. 3.

  24. 	Ribani, M.; Bottoli, C. B. G.; Collins, C. H.; Jardim, I. C. S. F; Melo, L. F. C; Quím. Nova 2004, 27, 771.

   

   

  Submitted: February 6, 2015.

  Published online: April 28, 2015.

   

   

  
    *e-mail: elaineleite@ufmg.br, leite_elaine@hotmail.com

    #These two authors contributed equally to this work.

  





  DOI: 10.5935/0103-5053.20150102

  ARTICLE

  
    Ribeiro SS, Ferreira IM, Lima JPF, Sousa BA, Carmona RC, Santos AAD, et al. Fast Microwave-Assisted Resolution of (±)-Cyanohydrins Promoted by Lipase from Candida antarctica. J. Braz. Chem. Soc. 2015;26(7):1344-50

  

  
    Fast Microwave-Assisted Resolution of (±)-Cyanohydrins Promoted by Lipase from Candida antarctica

  

   

   

  Sandra S. RibeiroI; Irlon M. FerreiraI; João P. F. LimaI; Bruno A. de SousaI; Rafaela C. CarmonaII; Alcindo A. Dos SantosII; André L. M. PortoI*

  IInstituto de Química de São Carlos, Universidade de São Paulo, Av. João Dagnone, 1100, Ed. Química Ambiental, J. Santa Angelina, 13563-120 São Carlos-SP, Brazil

  IIDepartamento de Química Fundamental, Universidade de São Paulo, Av. Prof. Lineu Prestes, 748, Bloco 5, Butantã, 05508-000 São Paulo-SP, Brazil

   

  
    Enzymatic kinetic resolution (EKR) of (±)-cyanohydrins was performed by using immobilized lipase from Candida antarctica (CALB) under conventional ordinary conditions (orbital shaking) and under microwave radiation (MW). The use of microwave radiation contributed very expressively on the reduction of the reaction time from 24 to 2 h. Most importantly, high selectivity (up to 92% eep) as well as conversion was achieved under MW radiation (50-56%).
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  Introduction

  Enantiomerically pure cyanohydrins are important intermediates for the synthesis of organic compounds, such as carboxylic acids and their derivatives, amines and heterocycles as triazoles and tetrazoles.1-3 

  Stereoselective syntheses of cyanohydrins have been investigated by enzymatic methods and have received expressive attention, due to its intrinsic enantio, regio and chemoselectivities.4-7 

  Microwave has proven to be a very important alternative energy source and has become a usual synthetic tool for chemists. One of the most expressive advantages of the microwave-assisted transformations is centered on the reduction of the reaction time, reproducibility and in many cases, pronounced increase of yields in comparison with the transformations carried out under conventional heating.3,6,8 However, its application for enzymatic-assisted transformations is still almost unexplored.7,8 

  Recently, our group reported the results concerning the esterification of (±)-mandelonitrile with vinyl acetate as acylating agent, in toluene catalyzed by Candida antarctica lipase B (CALB) under orbital shaking and under microwave radiation.6 Aiming to explore more extensively the scope and limitations of such conditions for enzymatic catalyzed asymmetric transformations, in this paper present our results on the enzymatic kinetic resolution of cyanohydrins by CALB under microwave radiation and conventional conditions.

   

  Experimental

  General

  The cinnamaldehyde 1a, 4-chlorobenzaldehyde 1b, 4-fluorobenzaldehyde 1c, 4-hydroxybenzaldehyde 1d, 4-methoxybenzaldehyde 1e, 3-phenoxybenzaldehyde 1f and 2-hydroxybutanenitrile 1g were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium borohydride and methanol were purchased from Synth (Diadema, SP, Brazil) and Tedia (Rio de Janeiro, RJ, Brazil), respectively. For gas chromatography-mass spectrometry (GC-MS), a Shimadzu GC2010 Plus gas chromatography system coupled to a mass selective detector (Shimadzu MS2010 Plus, Tokyo, Japan) in electron ionization (70 eV) mode was used. The enzymatic reactions were analyzed in a Shimadzu GC 2010 gas chromatographer equipped with an AOC 20i auto injector, a flame ionization detector (FID), and a chiral column CP-7502 Chiralsil-Dex β (cyclodextrin 25 m × 0.25 mm × 0.39 µm). Fourier transform infrared (FTIR) spectra were recorded on a Bomen MB-100 spectrometer; samples were prepared as thin films on KBr disks (solid samples) or liquid film (liquid samples) and recorded between 4000-400 cm-1. 1H and 13C nuclear magnetic resonance (NMR) spectra were recorded on Agilent Technologies 500/54 Premium Shielded using CDCl3 as the solvent and tetramethylsilane (TMS) as the internal standard unless otherwise noted; the chemical shifts are given in ppm and coupling constants (J) in Hz.

  The enantiomeric excesses (ee) of (R)-alcohols and (S)-acetates were determined by gas chromatography analyses with chiral stationary phase employing the retention times obtained for both enantiomers (±)-2a-g and (±)-3a-g. Reagents and solvents were used as obtained commercially and when necessary were purified and/or dried using procedures described in the literature.9 Column chromatography separations were carried out using silica gel 60 (400-230 mesh) with hexane and ethyl acetate mixtures as eluent. Optical rotations were measured in CHCl3, in a JASCO P2000 polarimeter equipped with a 589 nm Na lamp.

  Synthesis of (±)-cyanohydrins 2a-g

  The (±)-cyanohydrins 2a-g were synthesized according to the methodology previously established.3 

  To a vial flask (25 mL) was added a mixture of dimethylsulfoxide (DMSO) and H2O (5 mL, 5:1 v/v), trimethylsilyl cyanide (TMSCN, 0.7 mmol) and the appropriate aldehyde. The reaction mixture was stirred at room temperature for 12 h. After, was added in the reaction mixture HCl solution (10%, 5 mL) and water (10 mL), then extracted with ethyl acetate (3 × 25 mL). The combined organic phases were evaporated under reduced pressure and purified by column chromatography on silica gel using Et2O/EtOAc (8:2) as eluent, leading to the corresponding products: 2a (82%), 2b (81%), 2c (61%), 2d (86%), 2e (45%), 2f (95%), and 2g (70%).

  Synthesis of (±)-cyanohydrin acetates 3a-g

  (±)-Cyanohydrin (1a, 0.1 mmol, 0.0118 mL), pyridine (12.4 mmol, 0.997 mL) and acetic anhydride (10.5 mmol, 0.991 mL) were mixed in a 25 mL flask equipped with a magnetic stirrer. The mixture was stirred for 24 h at room temperature. The reaction was stopped by the addition of 10% HCl solution (2 mL) and the product was extracted with ethyl acetate (3 × 20 mL). The combined organic phases were dried over Na2SO4 and then filtered. The organic solvent was evaporated under reduced pressure yielding the corresponding products: 2a (86%), 2b (85%), 2c (82%), 2d (70%), 2e (86%), 2f (71%) and 2g (86%). The compounds did not require purification by column chromatography.

  Kinetic resolution of (±)-cyanohydrins 2a-g by lipase from Candida antarctica under orbital shaking

  In a 50 mL vial flask were added toluene (10 mL), vinyl acetate (5.4 mmol, 0.5 mL), C. antarctica lipase (160 mg, CALB > 10,000 U g-1 protein, expressed in Aspergillus oryzae and immobilized on acrylic resin donated by Novo Nordisk, Araucária, PR, Brazil) and the appropriate (±)-cyanohydrin 2a (0.29 mmol), 2b (0.23 mmol), 2c (0.33 mmol), 2d (0.40 mmol), 2e (0.29 mmol), 2f (0.22 mmol) or 2g (0.45 mmol). The reaction mixtures were incubated in an orbital shaker (130 rpm, at 32 ºC). The progress of the reactions was followed by removing 30 µL-samples of the reaction mixture, which were diluted to 600 µL of EtOAc and analyzed by gas chromatography coupled to a flame ionization detector (GC-FID). After the reaction completion, the lipase was filtered off. The filtrate was evaporated under reduced pressure and the products were purified by column chromatography on silica gel using hexanes and ethyl acetate (8:2) as eluent, yielding the enantiomerically enriched (R)-alcohols 2a-c, 2e-f and (S)-acetates 3a-c, 3e-f.

  Kinetic resolution of (±)-cyanohydrins 2a-g by lipase from Candida antarctica under microwave radiation

  In a 50 mL vial flask was added toluene (10 mL), vinyl acetate (5.4 mmol, 0.5 mL), C. antarctica lipase (160 mg, CALB > 10,000 U g-1 protein, expressed in Aspergillus oryzae and immobilized on acrylic resin donated by Novo Nordisk, Araucária, PR, Brazil) and the appropriate (±)-cyanohydrin 2a (0.29 mmol), 2b (0.23 mmol), 2c (0.33 mmol), 2d (0.40 mmol), 2e (0.29 mmol), 2f (0.22 mmol) or 2g (0.45 mmol). The reactions were carried out in CEM Discover Microwave reactor at 65 and 80 ºC (200 W). The progress of the reactions was followed by removing 250 µL-samples of the reaction mixture, which was diluted to 600 µL of EtOAc and analyzed by GC-FID. After reaction completion, the lipase was filtered off. The filtrate was evaporated under reduced pressure and purified by column chromatography on silica gel using hexanes/ ethyl acetate (8:2) as eluent, yielding the enantiomerically enriched (R)-alcohols 2a-c, 2e-f and (S)-acetates 3a-c, 3e-f.

  Derivatization of unreacted alcohols

  The alcohols not esterified by CALB were added to a test tube [2a (0.22 mmol), 2b (0.18 mmol), 2e (0.22 mmol), 2f (0.16 mmol) and 2g (2.19 mmol)] followed by pyridine (6.2 mmol) and acetic anhydride (5.2 mmol) then submitted to magnetic stirring for 24 h. After that, two drops of a 10% HCl solution were added to each test tube. Water (10 mL) was added, followed by extraction with ethyl acetate (3 × 3 mL). The combined organic phases were dried over anhydrous Na2SO4, filtered and the solvent was removed under reduced pressure. Subsequently, samples were diluted in ethyl acetate in vials and analyzed to determine the enantiomeric excesses by GC-FID analysis.

  Enantioseparation on chiral column was performed on a CP-7502 CP-Chirasil-Dex CB, 25 m × 0.25 mm × 0.39 µm. Alcohols presented the following retention times: (R-2a, 8.77 min; S-2a, 8.77 min), (R-2b, 5.74 min; S-2b, 5.74 min), (S-2c, 20.57 min; R-2c, 20.77 min), (R-2d, 14.68 min; S-2d, 14.68 min), (R-2e, 16.18 min; S-2e, 16.18 min), (R-2f, 14.14 min; S-2f, 14.14 min), (R-2g, 16.49 min; S-2g, 16.49 min), alcohols 2a-b and 2d-f had no enantioseparation. Retention times for the acetates: (R-3a, 20.35 min; S-3a, 21.68 min), (R-3b, 12.82 min; S-3b, 13.47 min), (R-3c, 9.28 min; S-3c, 10.97 min), (R-3d, 17.20 min; S-3d, 17.65 min), (R-3e, 29.31 min; S-3e, 30.95 min), (R-3f, 27.09 min; S-3f, 27.96 min), (R-3g, 10.26 min; S-3e, 12.29 min). For experimental conditions of the GC-FID analysis see Supplementary Information.

   

  Results and Discussion

  The racemic cyanohydrins 2a-g and their corresponding acetates (3a-g) were prepared in reasonable to good yields according to standard conditions (Scheme 1).3,6 

  
    

    [image: Scheme 1. Syntheses of (±)-cyanohydrins]

  

  The activity, as well as the enantioselectivity, in enzymatic kinetic resolution reactions are strongly influenced by the reaction conditions, including solvent, concentration and temperature, being the latter parameter one of the most critical.6-11 Having this information in mind, we decided to investigate the enzymatic kinetic resolution using Candida antarctica as biocatalyst of (±)-cyanohydrins (2a-g), comparatively, under conventional (orbital shaking) and microwave-assisted conditions. Results are summarized in Tables 1 and 2.
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  Enzymatic kinetic resolution (EKR) of (±)-cyanohydrins (2a-g) under orbital shaking

  The reaction of (±)-2a, under reaction conditions presented in Table 1, resulted in the desired acylated product (S)-3a in good conversion and reasonable selectivity (c = 57%, 87% eep) (entry 1, Table 1). Compounds (±)-2b and (±)-2c, both possessing electron-withdrawing substituents at the para position, presented virtually the same behavior with good conversions and high enantioselectivities (96% eep and 97% eep, respectively - entries 2 and 3, Table 1). Higher reaction time was necessary to achieve just reasonable conversion (32%) and poor enantioselectivity (28% eep) when (±)-cyanohydrin 2d, bearing an electron-donating group at the para position, was submitted to the same reaction conditions (entry 4, Table 1). On the other hand, a p-OMesubstituted substrate, also an electron-rich substituent (entry 5, Table 1), presented similar results to those observed for the examples of entries 2 and 3, containing electron-withdrawing substituents. Compound (±)-2f, the only example bearing a meta-substituent, also presented practically the same conversion (47%) and selectivity (92% eep) averages as most compounds discussed before. The only alkyl cyanohydrin 2g submitted to the study presented very poor results, suggesting that the low selectivity is a consequence of the low steric volume of the alkyl chain, which is in accordance with enzymatic resolutions (entry 7, Table 1).

  The low conversion observed for cyanohydrin 2d can be attributed to its instability under the reaction conditions. The reaction performance was monitored by GC-MS analysis and beyond the expected unreacted substrate (2d) and the acetylated product 3d, there was also identified the aldehyde precursor of the cyanoydrin, what is a result of the thermic cleavage of the substrate.6,13 

  The substrates were also submitted to the enzymatic kinetic resolution, under similar reaction condition, instead to the fact that the energy source was supplied by a microwave oven and the results are summarized in Table 2.

  Enzymatic kinetic resolution of (±)-cyanohydrins (2a-f) under microwave radiation

  It is well known that microwave radiation is frequently associated with improving reaction performances, accelerating organic transformations in comparison with conventional heating, which is due to the higher efficiency of the energy transfer process to the reaction media.6,13 In our experiments, in a general sense, the reaction time under microwave radiation was deeply decreased to just few hours (2-6) resulting in selectivity and conversions of the same average as those of the conventional conditions. In only 2 h cyanohydrin 2a was efficiently converted to the corresponding acetate (S)-3a (52%) in moderate selectivity (79% eep, entry 1, Table 2).

  Compounds (±)-2b and (±)-2c yielded the acetylated products in good conversions (c = 53% and 50%, respectively) and selectivities (90% and 92% eep, respectively) (entries 2 and 3, Table 2). As observed for the study carried out under orbital shaking at 32 ºC, the reaction with 2d proceeded poorly presenting very low conversion and optical purity (entry 4, Table 2).

  Kinetic resolution of (±)-2e was achieved after 3 h under microwave radiation to give (S)-3e with good conversion and enantioselectivity (c = 56%, 90% eep, entry 5, Table 2). For (±)-2f it was possible to obtain (S)-3f with good conversion and moderate selectivity (c = 50%, 84% eep, entry 6, Table 2).

  Absolute configuration of the acetates (3a-g) was assigned as S configuration by comparison with optical rotation values described in the literature (Table 3). Consequently, it was possible to observe that the immobilized lipase has stereochemical preference for S-acetate esterification. Thus, the observed esterification preference is in agreement with the predictions of the Kazlauskas rule.15-22
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  Recently, we described the highly enantioselective acylation of chlorohydrins using Amano AK lipase from Pseudomonas fluorescens immobilized on silk fibroin– alginate spheres.23

  Enzyme recyclability studies

  To examine the stability of the enzyme under the microwave-assisted reaction conditions, cyanohydrin 2a was selected as model compound for the recyclability resolution reaction. After each reaction, the catalyst was isolated by filtration, washed with ethyl acetate, dried at room temperature and submitted to the next reaction cycle. Constant conversion decrease was observed in each cycle as can be visualized in the graph in Figure 1. Longer reaction times were also necessary to achieve high conversions. Even being compromised, the activity of the enzyme was reasonably maintained, opening opportunities for recyclability of the biocatalyst for preparative purposes, which is quite attractive in the industrial point of view, considering the high price of this catalyst.

  
    

    [image: Figure. 1. Effect of recyclability of the biocatalyst]

  

   

  Conclusions

  In summary, we demonstrated that microwave radiation can be useful also for enzymatic-assisted transformations. Albeit not extraordinary, good conversions and selectivities were achieved and more importantly, the required reaction time was deeply diminished for all studied cases leading to the corresponding desired compounds in reasonable good optical enrichments. The reutilization of the catalyst was possible demonstrating that the activity of the enzyme was not completely lost under the microwave conditions, which is quite attractive considering the price of the catalyst.

   

  Supplementary Information

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

   

  Acknowledgements

  S. S. Ribeiro and I. M. Ferreira thank FAPESP and CNPq, respectively, for a scholarship. The authors would like to knowledge Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP), Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) and CAPES for the financial support. Authors are also grateful to Núcleo de Pesquisa em Ciências e Tecnologia de Biorrecursos (CiTecBio-NAP/IQSC/USP) and Catalysis and Chemical Synthesis Research Core (NAPCatSinQ) of the University of São Paulo for financial and structural support.

   

  References

  1. North, M.; Tetrahedron: Asymmetry 2003, 14, 147.

  2. Hajipour, A. R.; Rafiee, F.; Ruoho, A. E.; Tetrahedron Lett. 2012, 53, 526.

  3. Degani, M. S.; Kakwani, M. D.; Desai, N. H. P.; Bairwa, R.; Monatsh. Chem. 2012, 143, 461.

  4. Xu, Q.; Geng, X.; Chen, P.; Tetrahedron Lett. 2008, 45, 6440.

  5. Chen, P.; Yang, W.; Tetrahedron Lett. 2014, 55, 2290.

  6. Ribeiro, S. S.; Oliveira, J. R.; Porto, A. L. M.; J. Braz. Chem. Soc. 2012, 23, 1395.

  7. Bachu, P.; Gibson, J. S.; Sperry, J.; Brimble, M. A.; Tetrahedron: Asymmetry 2007, 18, 1618.

  8. Yu, D.; Wang, Z.; Chen, P.; Jin, L.; Yueming Cheng, Y.; Zhou,J.; Cao, S.; J. Mol. Catal. B: Enzym. 2007, 48, 51.

  9. Perrin, D. D.; Armarego, W. L. F.; Purification of Laboratory Chemicals; Pergamon: Oxford, 1980.

  10. Yu, D.; Ma, D.; Wang, Z.; Wang, Y.; Pan, Y.; Fang, X.; Process Biochem. 2012, 47, 479.

  11. Zhou, W.-J.; Ni, Y.; Zheng, G.-W.; Chen, H.-H.; Zhu, Z.-R.; Xu, J.-H.; J. Mol. Catal. B: Enzym. 2014, 99, 102.

  12. Chen, C.-S.; Fujimoto, Y.; Girdaukas, G.; Sih, C. J.; J. Am. Chem. Soc. 1982, 109, 2812.

  13. Ken-Ichi, F.; Yasuhisa, A.; J. Synth. Org. Chem., Jpn. 2012, 70, 102.

  14. Ribeiro, S. S.; Raminelli, C.; Porto, A. L. M.; J. Fluorine Chem. 2013, 154, 53.

  15. Zeng, B. Q.; Zhou, X.; Liu, X. H; Feng, X. M.; Tetrahedron 2007, 63, 5129.

  16. Tang, H. Y.; Zhang, Z. B.; Heteroat. Chem. 2011, 22, 31.

  17. Casas, J.; Najera, C.; Sansano, R. J. M.; Saa, J. M.; Tetrahedron 2004, 60, 10487.

  18. Steele, R. M.; Monti, C.; Gennari, C.; Piarulli, U.; Andreoli, F.; Vanthuyne, N.; Tetrahedron: Asymmetry 2006, 17, 999.

  19. Xu, Q.; Zhou, H.; Geng, X.; Chen, P.; Tetrahedron 2009, 65, 2232.

  20. Sakai, T.; Wang, K.; Ema, T.; Tetrahedron 2008, 64, 2178.

  21. Kazlauskas, R. J.; Jing, Q.; Chirality 2008, 70, 724.

  22. Lee, P. T.; Chen, C. P. A.; Tetrahedron: Asymmetry 2005, 16, 2704.

  23. Ferreira, I. M.; Nishimura, R. H. V.; Souza, A. B. A.; Clososki, G. C.; Yoshioka, S. A.; Porto, A. L. M.; Tetrahedron Lett. 2014, 55, 5062.

   

   

  Submitted: February 6, 2015.

  Published online: April 28, 2015.

  FAPESP has sponsored the publication of this article.

   

   

  
    *e-mail: almporto@iqsc.usp.br

     

     

    Supplementary Information

    
      [image: Figure S1. GC-FID chiral chromatograms]

    

    
      [image: Figure S2. GC-FID chromatograms]

    

    
      [image: Figure S3. GC-FID chromatograms]

    

    
      [image: Figure S4. GC-FID chromatograms]

    

    
      [image: Figure S5. GC-FID chromatograms]

    

    
      [image: Figure S6. GC-FID chromatograms]

    

    
      [image: Figure S7. GC-FID chromatograms]

    

    Spectral Data

    (R)-(E)-2-Hydroxy-4-phenylbut-3-enenitrile 2a

    
      [image: Formula 1]

    

    Experimental: [α]D24 –11 (c 0.012, CHCl3, 91% ees); lit.:1 [α]D25 –28.1 (c 0.12, CHCl3, 87 % ee); yellow oil; IR (film) νmax / cm-1 3354 (OH), 3084, 3028, 2253 (CN), 1729, 1450, 1300, 1024; 1H NMR (500 MHz, CDCl3) δ 7.4 7.40 (m, 2H), 7.39-7.31 (m, 3H), 6.93 (d, 1H, J 15.8 Hz), 6.27 (dd, 1H, J 15.8, 6.7 Hz), 5.17 (dd, 1H, J 6.7, 1.1 Hz); 13C NMR (125 MHz, CDCl3) δ 135.4, 134.6, 129.1, 128.8, 127.0, 122.2, 118.0, 61.9; HRMS (ESI-TOF) calcd. for C10H8NO [M – H+]: 158.06059; found: 158.06065.

    (S)-(E)-1-Cyano-3-phenylallyl acetate 3a

    
      [image: Formula 2]

    

    Experimental: [α]D24 +37.41 (c 0.015, CHCl3, 79% eep); lit.: [α]D +14.4 (c 0.011, CHCl3, 
      > 99% eep); colorless oil; IR (film) 
      νmax / cm-1 3061, 3030, 2250 (CN), 
      1753, 1496, 1450, 1371, 1217, 1022, 968, 750; 1H NMR 
      (500 MHz, CDCl3) δ 7.42-7.40 (m, 2H), 7.38-7.31 (m, 
      3H), 6.96 (d, 1H, J 15.8 Hz), 6.18 (dd, 1H, J 15.8, 6.7 Hz), 6.01 (dd, 1H, J 6.7, 1.1 Hz), 2.16 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 168.8, 137.8, 134.3, 129.3, 128.8, 127.1, 118.3, 115.4, 61.4, 20.4; HRMS (ESI-TOF) calcd. for C12H11NNaO2 [M + Na+]: 224.06875; found: 224.06769.

    (R)-2-(4-Chlorophenyl)-2-hydroxyacetonitrile 2b

    
      [image: Formula 3]

    

    Experimental: [α]D26 –2.6 (c 0.016, CHCl3, > 99% ees); lit.:2 [α]D26 ); –24.2 (c 0.12, C6H6, 73% ees); white solid; IR (KBr) νmax / cm-1 3392 (OH), 2252 (CN), 1685, 1597, 1406, 1193, 1041, 840, 761; 1H NMR (500 MHz, CDCl3) δ 7.46 (d, 2H, J 8 Hz), 7.42 (d, 2H, J 8 Hz), 5.52 (s, 1H); 13C NMR (125 MHz, CDCl3) δ 133.6, 131.5, 129.4, 127.9, 118.45, 62.8.

    (S)-(4-Chlorophenyl)(cyano)methyl acetate 3b

    
      [image: Formula 4]

    

    Experimental: [α]D26 +3.90 (c 0.011, CHCl3, 90% eep); lit.:2 [a]20D +6.90 (c 0.80, CHCl3, 65.5% eep); yellow oil; IR (film) νmax / cm-1  2250 (CN), 1757, 1685, 1660, 1371, 1217, 1091, 1026, 819, 738, 609; 1H NMR (500 MHz, CDCl3) δ 7.47 (d, 2H, J 8 Hz), 7.43 (d, 2H, J 8 Hz), 6.39 (s, 1H), 2.17 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 168.8, 136.6, 130.3, 129.5, 129.3, 115.8, 62.1, 20.4; HRMS (ESI-TOF) calcd. for C10H8ClNNaO2 [M + Na+]: 232.01413; found: 232.01337.

    (R)-2-(4-Fluorophenyl)-2-hydroxyacetonitrile 2c

    
      [image: Formula 5]

    

    Experimental: [α]D23 +21.4 (c 0.21, CHCl3, 88% ees); lit.:1 [α]D25 +23.5 (c 0.26, CHCl3, 71% ees); yellow oil; IR (film) νmax / cm-1 3417 (OH), 2250 (CN), 1604, 1510, 1234, 1039, 835; 1H NMR (500 MHz, CDCl3) δ 7.54-7.51 (m, 2H), 7.14 (t, 2H, J 8.6 Hz), 6.39 (s, 1H); 13C NMR (125 MHz, CDCl3) δ 163.5 (d, JC1–F 249.5 Hz),128.7 (d, JC3–F 9.1 Hz), 125.3 (d, JC4–F 3.05 Hz), 118.4, 115.7 (d, JC2–F 21.4 Hz), 63.0; HRMS (ESI-TOF) calcd. for C8H7FNO [M + H+]: 152.05049; found: 152.05049.

    (S)-Cyano(4-fluorophenyl)methylacetate 3c

    
      [image: Formula 6]

    

    Experimental: [α]D23 –6.7 (c 0.012, CHCl3, 92% eep); lit.:3 [α]D26 –1.98 CN (c 1.01, CHCl3, 82% eep); colorless oil; IR (film) νmax / cm-1 2958, 2931, 2250 (CN), 1757, 1606, 1512, 1423, 1373, 1219, 1163, 1026, 835; 1H NMR (500 MHz, CDCl3) δ 7.48-7.56 (m, 2H), 7.14 (t, 2H, J 8.6 Hz), 6.39 (s, 1H), 2,17 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 168.8, 163.7 (d, JC1–F 250.2 Hz), 130.0 (d, JC3–F 9.1 Hz), 127.8 (d, JC4–F 3.8 Hz), 116.4 (d, JC2–F 22.1 Hz), 115.9, 62.1, 20.4; HRMS (ESI-TOF) calcd. for C10H8FNNaO2 [M + Na+]: 216.04368; found: 216.04291.

    (±)-2-Hydroxy-2-(4-hydroxyphenyl)acetonitrile 2d

    
      [image: Formula 7]

    

    White solid; IR (KBr) νmax / cm-1 3363 (OH), 3359 (OH), 2937, 
      CN 2235 (CN), 1614, 1454, 1408, 
      1355, 1255, 1109, 846; 1H NMR (500 MHz, CDCl3) δ 7.47 (d, 2H, J 8 Hz), 7.42 (d, 2H, J 8 Hz), 5.53 (s, 1H), 3.17 (s, 1H); HRMS (ESI-TOF) calcd. for C8H8NO2 [M + H+]: 150.05550; found: 150.05496.

    (R)-2-Hydroxy-2-(4-methoxyphenyl)acetonitrile 2e

    
      [image: Formula 8]

    

    Experimental: [α]D23 +0.02 (c 0.005, CHCl3, 73% ee); lit.:4  [α]D20 +9.8 (c 1.22, CHCls3, 19% ees); yellow oil; IR (film) νmax / cm-1 3421 (OH), 2841, 2247 (CN), 1670, 1610, 1514, 1442, 1255, 1178, 1029, 835, 769; 1H NMR (500 MHz, CDCl3) δ 7.41 (d, 2H, J 8.8 Hz), 6.92 (d, 2H, J 8.8 Hz), 5.43 (s, 1H), 3.81 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 160.5, 128.2, 127.5, 119.0, 114.4, 63.0, 55.3, HRMS (ESI-TOF) calcd. for C9H10NO2 [M + H+]: 164.04368; found: 164.07013.

    (S)-Cyano(4-methoxyphenyl)methyl acetate 3e

    
      [image: Formula 9]

    

    Experimental: [α]D23 –0.08 (c 0.015, 
      CHCl3, 90% eep); lit.:5 [α]D24 –3.1 CN (c 1.10, CH2Cl2, 71% eep); yellow 
      oil; IR (film) νmax / cm-1 3093, 3005, 2960, 2937, 2841, 2250 (CN), 1755, 1587, 1489, 1448, 1371, 1247, 1211, 1024, 829; 1H NMR (500 MHz, CDCl3) δ 7.45 (d, 2H, J 8 Hz), 6.95 (d, 2H, J 8 Hz), 6.36 (s, 1H), 3.84 (s, 3H), 2.14 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 168.9, 161.1, 129.6, 123.8, 116.2, 114.5, 62.5, 55.3, 20.4; HRMS (ESI-TOF) calcd. for C11H11NNaO3 [M + Na+]: 228.06366; found: 228.06294.

    (R)-2-Hydroxy-2-(3-phenoxyphenyl)acetonitrile 2f

    
      [image: Formula 10]

    

    Experimental: [α]D23 +0.02 (c 0.005, CHCl3, 73% ees);  lit.:1 [α]D25 +12.9 (c 1.0, 
      CHCl3, 78% ees); yellow 
      oil; IR (film) νmax / cm-1 3419 (OH), 3064, 3039, 2249 (CN), 1705, 1585, 1489, 
      1251, 1042; 1H NMR (500 MHz, CDCl3) δ 7.40-7.34 (m, 
      3H), 7.26 (d, 1H, J 8 Hz), 7.16-7.13 (m, 2H), 7.04-7.01 
      (m, 3H), 5.49 (s, 1H), 3.20 (s, 1H); 13C NMR (125 MHz, 
      CDCl3) δ 158.2, 156.3, 137.0, 130.60, 129.9, 124.0, 120.9, 
      119.7, 119.3, 118.5, 116.6, 63.2; HRMS (ESI-TOF) calcd. 
      for C14H11NNaO2 [M + Na+]: 248.06875; found: 248.06799.

    (S)-Cyano(3-phenoxyphenyl)methyl acetate 3f

    
      [image: Formula 11]

    

    Experimental: [α]D23 –0.08 (c 0.015, CHCl3, 84% eep); lit.:2 [α]D20 –7.02 (c 0.01, CHCl3, > 99% eep); colorless oil; IR (film) νmax / cm-1 3066, 3039, 2250 (CN), 1757, 1585, 1489, 1247, 1211, 1024, 902, 750 609; 1H NMR (500 MHz, CDCl3) δ 7.41-7.36 (m, 3H), 7.23 (d, 1H, J 7.7 Hz), 7.18-7.14 (m, 2H), 7.07-7.02 (m, 3H), 6.36 (s, 1H), 2.17 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 168.8, 158.2, 156.1, 133.4, 130.6, 129.9, 124.1, 122.0, 120.0, 119.4, 117.7, 115.8, 62.4, 20.4, HRMS (ESI-TOF) calcd. for C16H13NNaO3 [M + Na+]: 290.07931; found: 290.07895.

    (±)-2-Hydroxybutanenitrile 2g

    
      [image: Formula 12]

    

    Yellow oil; IR (film) νmax / cm-1 3442 (OH), 2978, 2941, 2883, 2249 (CN), 1463, 1126,  1105, 1062, 983; 1H NMR (500 MHz, CDCl3) δ 4.43 (t, 1H, J 6.7 Hz), 3.38 (s, 1H), 1.88 (qt, 2H, J 7.5 Hz), 1.09 (t, 3H, J 7.5 Hz); 13C NMR (125 MHz, CDCl3) δ 119.9, 62.4, 28.4, 8.8; HRMS (ESI-TOF) calcd. for C4H8NO [M + H+]: 86.0659; found: 86.05967.

    (±)-1-Cyanopropyl acetate 3g

    
      [image: Formula 13]

    

    Yellow oil; 1H NMR (500 MHz, CDCl3) δ 5.28 (t, 1H, J 6.6 Hz), 2.15 (s, 3H), CN 1.98-1.94 (m, 2H), 1.11 (t, 3H, J 7.5 Hz); 13C NMR (125 MHz, CDCl3) δ 169.1, 116.6, 62.2, 25.8, 20.3, 8.9; HRMS (ESI-TOF) calcd. for C6H10NO2 [M + H+]: 128.07115; found: 128.07065.
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    This paper describes a simple and rapid methodology for determining the content of adulterants in diesel by the integration of fluorescence spectra. The procedure consists of constructing analytical curves using the concentrations of each adulterant in diesel and the relative change in the fluorescence area of each blend with respect to the fluorescence area of the diesel. The results indicated that the proposed method can be used to determine adulterants such as non-transesteriﬁed residual cooking oil, kerosene, and turpentine in diesel. The detection limits were 3, 4 and 5% for non-transesteriﬁed residual cooking oil, kerosene and turpentine in diesel, respectively. The method was also successfully used to determine the non-transesteriﬁed residual cooking oil content in B5 biodiesel-diesel blend (5% biodiesel) in the range of 0-70%, with a limit of detection of 4%.
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  Introduction

  The intentional addition of adulterants, such as kerosene, turpentine, or non-transesteriﬁed residual cooking oil (RCO) to diesel has a negative effect on fuel properties and, consequently, on the engine performance, such as engine start-up control, engine heating, acceleration, and fuel consumption; it also increases the emission of particulate material, hydrocarbons, and exhaust gases.1 

  Patra and Mishra2 developed a method for detecting diesel fuel contamination by excitation-emission matrix spectral subtraction fluorescence, which has good accuracy and sensitivity. However, it requires more expensive equipment, as an excitation-emission matrix fluorescence spectrum is collected in the excitation wavelength range of 250-500 nm within an interval of 5 nm and in the emission wavelength range of 300­600 nm within an interval of 5 nm. Corgozinho et al.1 also developed a method with good accuracy and sensitivity for the determination of non-transesteriﬁed residual vegetable oil in diesel oil using a spectrofluorimetric technique. However, the method of Corgozinho et al. requires skill in chemometric analysis.1 Oliveira et al.3 reported a method for the determination of the adulteration of diesel­biodiesel blends of vegetable oil by Fourier transform (FT) near-infrared (NIR) spectrometry and FT Raman spectroscopy. Vasconcelos et al.4 developed a method based on NIR overtone regions to determine the biodiesel content and adulteration of diesel-biodiesel blends with vegetable oils. Pontes et al.5 reported screening analysis to detect adulteration in diesel-biodiesel blends using NIR spectrometry and multivariate classification. Gaydou et al.6 developed a multiblock NIR/mid-infrared (MIR) partial least squares (PLS) predictive model to detect the adulteration of diesel-biodiesel blends by vegetable oil. Roy7 reported a fiber-optic sensor for determining the adulteration of petrol and diesel by kerosene. Raman and FTIR spectroscopy are techniques with good accuracy and sensitivity. However, Raman and FTIR spectrometers are more expensive than the equipment used in this work, and they also require specialized personnel to handle them.

  In previous work, we developed a method and a sensor for monitoring the quality during processes for obtaining fuels using spectrofluorimetry and principal component analysis (PCA).8 The study also reported a method for the identification of the adulteration of biofuels by adding residual cooking oil to diesel through 3D spectrofluorimetry and PCA;9 a spectrofluorimeter was developed by our team, whose technology was transferred to the company Quimis and is now being marketed as the Model Q798FIL.

  The Q798FIL is a single-beam UV-Vis spectrofluorimeter, which is compact with system of acquisition and processing of embarked data, lightweight, easy to handle, and robust in construction. The major advantage is the low cost of the equipment when compared with other spectroscopic apparatus, as the cost of Q798FIL is about three times less than an FTIR spectrometer and nearly four times less than a fluorescence spectrometer with a pulsed xenon lamp and 3D excitation-emission scans. Another advantage is the analysis time, as the signal integration time is between 1 ms and 65 s.

  Despite the various sophisticated methods developed, it is essential to develop simpler methods that are less costly, but maintain the capability of detecting and quantifying adulterants in diesel, in order to help control the quality of the fuel. Spectrofluorimetry is one of the most sensitive techniques for determining several fluorescence compounds, especially aromatics that exhibit particularly intense fluorescence.10 Fluorescence in diesel is attributed to the presence of polycyclic aromatic hydrocarbons (PAHs) of various ring sizes.11 The fluorescence of petroleum products has been studied by several authors.1,2,9,11–17

  The present paper describes a simple, fast, accurate, and low-cost methodology for determining adulterants such as kerosene, turpentine, and non-transesteriﬁed RCO contents in diesel by the integration of fluorescence spectra; this is based on the assumption that the fluorescence area caused by the presence of PAHs in a sample of neat diesel or diesel blended with non-transesteriﬁed RCO is quantitatively related to these PAHs of a similar standard. The present work is different from the method developed previously,9 owing to its simplicity, as it does not require covariant analysis and has the advantage of being able to quantify the adulterants.

   

  Experimental

  A sample of S50 diesel was supplied by Landulpho Alves Refinery (RLAM) located in São Francisco do Conde, Bahia State, Brazil. The sample of RCO was collected from restaurants, and was obtained following the frying of foods. Samples of kerosene and turpentine were purchased from a local market. Daily samples of used oils were collected throughout one month in a restaurant. The samples of RCO were mixed, homogenized, and filtered to extract any solid residues. After filtration, the RCO was immediately blended with diesel.

  A known volume of diesel and each adulterant (kerosene, turpentine, or non-transesteriﬁed RCO) was pipetted in order to prepare the desired adulterated synthetic mixture at concentrations of 0-100% (v/v). The standards were analyzed in triplicate without any fluorescent additive being used; the region of fluorescence for the aromatic compounds present in diesel was analyzed.9

  The equipment used in this procedure was a Quimis Q798FIL LED fluorescence spectrometer with a quartz cuvette of 1 cm path length as well as one violet light­emitting diode (LED) centered at 400 nm as the excitation source. The emission range was 350-700 nm at intervals of 0.38 nm. The average values of triplicate spectral data were calculated, which were then integrated using Origin Pro8 software.

  To assess the applicability of the fluorescence method in quantifying the adulterant content, an analytical curve was constructed using the concentrations of each adulterant in diesel and the relative change in fluorescence area of each blend with respect to the fluorescence area of the diesel (Δ parameter). This relative change (δ), as a percentage, is calculated as δ = [(A0 – Ai) / A0 ] × 100, where A0 and Ai are the integrated fluorescence areas of the diesel and adulterated diesel, respectively.

  Similarly, the proposed method was also used to determine the non-transesteriﬁed RCO content in a B5 biodiesel-diesel blend (5% biodiesel) in the range of 0-70%.

  To determine the validity and variability of the analytical curve, predictions were made for the concentrations of samples that were not used in the construction of the individual analytical curves (external validation).

   

  Results and Discussion

  Figure 1 shows the spectra of the diesel and non­transesteriﬁed RCO after excitation with a violet LED and emission from 350 to 700 nm. The emission was concentrated in a range of 400-600 nm. Diesel oil presents two peaks of greater intensity at 452 and 480 nm, owing to the presence of PAHs, whereas the spectrum of non-transesteriﬁed RCO presents two peaks of greater intensity at 407 and 488 nm. Pure RCO produces an emission, but it is very minor when compared to the signal from pure diesel. The difference in signal intensity between RCO and diesel in the region of 400-600 nm is one of the reasons why the present method works. The sample of non-transesteriﬁed RCO has a variable composition, which includes animal fats, vegetable oils, food, refuse, and other organic material. However, the fluorescence region of non-transesteriﬁed RCO is concentrated in the range of 400-600 nm, which is the same fluorescence region for diesel when both are excited with a violet LED.

  
    

    [image: Figure 1. Spectrum of diesel and RCO after excitation]

  

  Figure 2 shows the spectra obtained with mixtures of non-transesteriﬁed RCO in diesel at concentrations of 0-100% using the LED spectrofluorimeter. The emission was concentrated in a range between 400 and 600 nm, showing two bands; the first was initially centered at 452 nm and the second at 480 nm. The addition of non-transesteriﬁed RCO to diesel promotes a significant decrease in the intensity of the peaks of diesel. Figure 3 shows the reduction in the spectral areas (Table 1) with increasing non-transesteriﬁed RCO concentration, as the adulterants effectively dilute the diesel.

  
    

    [image: Figure 2. Spectrum of mixtures]

  

  
    

    [image: Figure 3. Graph constructed using the concentration]

  

  
    

    [image: Table 1. Integrated spectral areas of diesel and mixtures of RCO]

  

  Using the procedure proposed in this paper for the spectra obtained with an LED spectrofluorimeter, we obtained a straight line, which increased in the plot of δ vs. non-transesteriﬁed RCO concentration with good linear correlation, R2 = 0.99623 using all data (Figure 4) and R2 = 0.99868 (Figure 5) when some samples were omitted for external validation (Table 2).

  
    

    [image: Figure 4. Graph constructed using the concentration]

  

  
    

    [image: Figure 5. Graph constructed excluding anomalous samples]

  

  
    

    [image: Table 2. External validation by application of the Student's]

  

  Similarly, the same procedure was performed for the other adulterants mixed with diesel. When comparing the turpentine, kerosene, and diesel spectra, diesel is more fluorescent. This is expected, considering that both kerosene and turpentine are formed predominantly from paraffinic hydrocarbons and diesel has a higher concentration of aromatic hydrocarbons. We obtained a straight line, rising in the plot of δ vs. the concentration of kerosene in diesel and the concentration of turpentine in diesel, with R2 = 0.99834 (Figure 6) and R2 = 0.9976 (Figure 7), respectively.

  
    

    [image: Figure 6. Graph constructed using the concentration values of kerosene]

  

  
    

    [image: Figure 7. Graph constructed using the concentration values of turpentine]

  

  To determine the validity and variability of the method, predictions were made for the concentrations of samples that were not used in the construction of each analytical curve through Student's t-test, which was applied to the actual concentrations of adulterant in the diesel and those concentrations predicted by the linear equations of each curve. For RCO in diesel, a calculated t-value of –0.336738 (Table 2) was found.

  The t-value calculated for nine degrees of freedom was –2.262. Thus, it follows that the Student's t-test showed no significant difference at 95% confidence between the actual and the predicted concentrations of non-transesteriﬁed RCO in diesel.

  Similarly, the Student's t-test showed no significant difference at 95% confidence between the actual and the predicted concentrations of kerosene in diesel or turpentine in diesel (Tables 3 and 4, respectively).

  
    

    [image: Table 3. External validation by application]

  

  
    

    [image: Table 4. External validation by application]

  

  Table 5 shows the validation parameters found from the analytical curves (Figures 5-7). The detection limits were 3, 4 and 5% for non-transesteriﬁed RCO, kerosene, and turpentine in diesel, respectively.

  
    

    [image: Table 5. Validation parameters found for the determination]

  

  The proposed method was also successfully used to determine the content of non-transesteriﬁed RCO in a B5 biodiesel-diesel blend (5% biodiesel) with R2 = 0.99635 in the range of 0-70%. The detection limit was 4% for RCO in B5. The results are shown in Figure 8 and Table 6.

  
    

    [image: Figure 8. Graph constructed using the concentration]

  

  
    

    [image: Table 6. Validation parameters found for the determination]

  

   

  Conclusions

  The results confirm that the proposed method is simple, fast, and efficient, and that it can be used for the determination of adulterants such as non-transesteriﬁed RCO, kerosene, and turpentine in diesel, in the range of 0-100%. The detection limits were 3, 4, and 5% for non-transesteriﬁed RCO, kerosene, and turpentine in diesel, respectively. The method was also successfully used to determine the non-transesteriﬁed RCO content in a B5 biodiesel-diesel blend (5% biodiesel) in the range of 0-70%, with a limit of detection of 4%. High LOQ values limit the application of the method, as many adulterations occur at concentrations below 10%.
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    Using an orthologue-based design approach, we synthesized and assayed a series of thiazolyl-1H-benzo[d]imidazole derivatives as inhibitors of Mycobacterium tuberculosis inosine 5'-monophosphate dehydrogenase (MtIMPDH). From these experiments, a benzo[d] imidazole compound was described to inhibit the enzyme in the low micromolar range (Ki IMP = 0.55 ± 0.02 µM), which places this compound among the most potent in vitro MtIMPDH inhibitors developed to date. In addition, steady-state kinetic measurements and docking simulations were employed to determine its inhibition and interaction modes. The results described herein may be useful for the design and development of novel alternative therapeutics for tuberculosis that target MtIMPDH, a predicted to be essential (for optimal in vitro bacillus growth), druggable and assayable molecular target.
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  Introduction

  "Tuberculosis (TB) remains a major global health problem". This affirmation opens the last TB report of the World Health Organization (WHO).1 Declared since the 1990s to be a global public health emergency, human TB has stricken an estimated 9.0 million people, which resulted in 1.5 million deaths worldwide in 2013.1 Moreover, it has been estimated that approximately one third of the world's population is currently infected with a latent or dormant form of Mycobacterium tuberculosis (Mtb), the main causative agent of TB in humans, thus increasing the number of people at risk for developing active TB due to infection reactivation.2 The emergence of multi and extensively drug-resistant strains of Mtb (MDR-TB and XDR-TB, respectively),3 the variable efficacy of the current vaccine Mycobacterium bovis bacillus Calmette-Guérin (BCG),4 and the increasing prevalence of TB-HIV co-infection1 have highlighted the need for new control measures. Although innovative drugs such as bedaquiline5,6 and repurposing old drug classes have been described as a promising strategy to address this problem,7 the current therapeutic TB treatments are suboptimal and new drugs are still needed.8 

  Within this context, the identification, characterization, and validation of new molecular targets for the proposition of new drug-like compounds has been a challenge in the search for anti-mycobacterial agents.9 Indeed, the rate of target innovation in the past few decade has remained low for all research drug areas, with an average of approximately 5 first-against-target drugs per year.10 The study of novel targets can conduce to new molecules with novel mechanisms of action that are active against resistant and latent forms of Mtb, both of which are crucial attrition points in TB treatment.

  Supported by the essentiality of most of its biosynthetic steps for optimal in vitro Mtb growth11 and by evidence of nucleotide synthesis maintenance in latent bacillus,12 the gene products of the purine nucleotide biosynthesis pathway have emerged as potential targets for drug development against both active and latent TB.13 Among the enzymes that compose this pathway, the inosine 5'-monophosphate dehydrogenase (IMPDH, EC 1.1.1.205) catalyzes the penultimate and rate-limiting step in guanine nucleotide biosynthesis: the oxidation of inosine 5'-monophosphate (IMP) to xanthosine 5'-monophosphate (XMP) and the concomitant reduction of nicotinamide adenine dinucleotide (NAD+) (Scheme 1).

  
    

    [image: Scheme 1. Chemical reaction catalyzed by IMPDH]

  

  Encoded by the guaB2 gene (Rv3411c),14 Mycobacterium tuberculosis IMPDH (MtIMPDH) has been predicted to be essential for optimal in vitro growth of M. tuberculosis H37Rv.11,15 Additionally, prokaryotic and eukaryotic IMPDHs have distinct structural features and kinetic properties, which make the development of species-selective inhibitors feasible.16 The different inhibition patterns of MtIMPDH and human IMPDH type II (HsIMPDH-II)17 have supported the proposition of this target for the development of alternative drugs with selective toxicity, a basic pharmacology principle. Moreover, both proteins share sequence similarity of approximately 38%, and the amino acids residues at the HsIMPDH-II nicotinamide sub site that account for sensitivity to potent drugs, such as mycophenolic acid, are not conserved in the MtIMPDH.18 

  Recently, the potential of IMPDH inhibitors in antimicrobial chemotherapy has been exploited, highlighting the applicability of this enzyme in drug discovery campaigns.19-21 These findings have described active compounds in whole cell assays that generate lead molecules that are now candidates for further development.14,19

  Thiazolyl-1H-benzo[d]imidazole derivatives have been identified from high-throughput screens as selective inhibitors of Cryptosporidium parvum IMPDH (CpIMPDH) that target the diverged NAD+ site of enzyme.22 Diffractometry studies from the crystal structure of CpIMPDH (PDB code: 3KHJ) in complex with IMP and a benzo[d]imidazole-based compound (named C64) have highlighted amino acid interactions, which account for the selectivity of these compounds to CpIMPDH over human IMPDH.23 Amino acid sequence alignment of MtIMPDH and CpIMPDH showed that almost all of the identified residues that interact with C64 (except Ser354, which was replaced by Ala483 in MtIMPDH) are conserved between the sequences (Figure S1 of the Supplementary Information). Incidentally, MtIMPDH has been predicted to be sensitive to CpIMPDH inhibitors16 because phylogenetic analysis points to lateral gene transfer from bacteria, thus making eukaryotic IMPDH closely related to their prokaryotic counterparts.24 

  Therefore, there is an expected divergence between mycobacteria and host IMPDH enzymes that, taken together with the sequence conservation of binding sites, prompted us to investigate the interaction of benzo[d]imidazole derivatives with MtIMPDH. For this, we deemed it appropriate to synthesize a series of thiazolyl-1H-benzo[d]imidazoles and evaluate their in vitro potential as inhibitors of MtIMPDH in an orthologue-based design approach.

   

  Results and Discussion

  The synthesis of thiazolyl-1H-benzo[d]imidazoles was carried out in two reaction steps in accordance to previously described protocol (Scheme 2).25 It is noteworthy that proposed structural modifications were aimed primarily at the creation of an electron density gradient, variation of the molecular volume, and to explore the importance of the aromaticity and planarity of the substituents in a preliminary SAR (structure activity relationship) study.

  
    

    [image: Scheme 2. Reaction conditions]

  

  First, the classical substitution reaction of primary and secondary amines 1 at the carbonyl group of bromoacetyl chloride 2 in the presence of catalytic amounts of 4-dimethyl aminopyridine (DMAP) conduced to 2-bromo-N-phenylacetamides 3a-l with 50-85% yield. The aliphatic nucleophilic substitution (SN2) of 2-bromoN-phenylacetamides with 2-(4-thiazolyl)benzimidazole (4) using potassium carbonate (K2CO3) as base and dimethyl formamide (DMF) as solvent furnished the desired thiazolyl-1H-benzo[d]imidazoles 5a-l with 15-88% yield. All spectroscopic and spectrometric data obtained were in agreement with the proposed structures (see Supplementary Information).

  The effect of each compound on catalytic activity of recombinant MtIMPDH was evaluated by monitoring the production of NADH (nicotinamide adenine dinucleotide). First, all of the synthesized compounds were assayed at a final-fixed concentration of 10 µM, and when the inhibition was greater than 50% of the initial enzymatic activity, the IC50 values (concentration of inhibitor that reduces enzyme velocity by half) were determined (Table 1).

  
    

    [image: Table 1. Inhibition of thiazolyl]

  

  The results shown in the Table 1 demonstrate that MtIMPDH inhibition is highly sensitive to minor modifications of the thiazolyl-1H-benzo[d]imidazoles substituent groups. Additionally, the electron withdrawing groups generally showed better inhibitory activity on recombinant MtIMPDH. Compared with the non-substituted 5a, the replacement of hydrogen by halogens at the 4-position of the benzene ring furnished molecules with improved inhibitory activity. This strategy has been extensively explored in medicinal chemistry programs aiming for more lipophilic molecules and the addition of a new site for hydrogen and/or halogen bonding. It is noteworthy that as the atomic volume of halogens increased, the inhibitory action of the compounds became more potent (Table 1). The compound 4-fluoro substituted 5b inhibited the enzyme activity with an IC50 > 10 µmolL–1 (25% at 10 µmol L–1), whereas both 4-chloro (5c) and 4-bromo (5e) substituted compounds conduced to IC50 values of 4.5 ± 0.4 µmol L–1 and 3.0 ± 0.3 µmol L–1, respectively. Interestingly, the iodine substituted compound 5f showed less inhibitory activity on MtIMPDH than did its isostere molecules 5c and 5e; its IC50 was determined at 9.0 ± 3.0 µmol L–1. The lower activity may be related to a possible steric hindrance at the 4-position of the benzene ring of thiazolyl-1H-benzo[d]imidazoles because a molecular volume-improving limit may have been achieved with the bromo-substituted 5e. It is important to note that the replacement of the chloro group attached at the 4- to 3-position of the benzene ring led to compound 5d, which lacked inhibition capacity on MtIMPDH in our experimental conditions. This result emphasizes the fine tuning of the halogen's position relative to the MtIMPDH binding site. The 4-nitro and 4-cyanobenzo[d]imidazole compounds (5g, 5h) both showed similar inhibition activity, with an IC50 of 8.0 ± 0.3 µmol L–1 and > 10 µmol L–1, respectively. Focusing on the compounds substituted with electron donating groups, the results for benzo[d] imidazoles 5i-k showed that only the compound carrying the 3-propoxy group (5j) exhibited a significant inhibition of MtIMPDH activity. The IC50 of 5j was 5.1 ± 0.5 µmol L–1, similar to lead compound 5e, suggesting the existence of a hydrophobic portion accessed by the mobile 3-propoxy group. Finally, the benzo[d]imidazole derivative from piperidine (5l) did not show action on catalytic MtIMPDH activity in our assay conditions. Therefore, the initial screening of 12 molecules showed that five compounds (5c, 5e-g, and 5j) displayed reasonably good inhibition (IC50 < 10 µmol L–1) on MtIMPDH activity. These five benzo[d]imidazoles showed no time-dependent inhibition up to 30 min of preincubation with MtIMPDH suggesting rapid equilibrium processes (data not shown). It is noteworthy that compounds 5c and 5e showed selective MtIMPDH inhibition because both have been described to show an IC50 > 20 µmol L–1 for HsIMPDH-II.23 

  Accordingly, Ki (inhibition constant) measurements were carried out using classic Michaelis-Menten experiments. The Ki values were determined for benzo[d]imidazole 5e, the lead of the series of synthesized analogs. Lineweaver-Burk plots suggested the mode of inhibition based on the effects on Vmax (maximal velocity) and Km (Michaelis constant) values for each inhibition type, and data fitting to appropriate equations led to values for the inhibition constants (Kis and/or Kii; Kii is the overall inhibition constant for the enzyme-substrateinhibitor complex, and Kis is the overall inhibition constant for the enzyme-inhibitor complex). Particular signatures and mechanism of inhibition for MtIMPDH inhibitors were investigated and provided insights into the interaction mode for the enzyme.14,17,19

  For benzo[d]imidazole 5e, the types of inhibition were characterized as uncompetitive toward IMP and noncompetitive to NAD+ (Figure 1). Compound 5e showed Kis values of 0.55 ± 0.02 µmol L–1 for IMP and values of Kis = 2 ± 1 µmol L–1 and Kii= 0.7 ± 0.1 µmol L–1 for NAD+. It is important to note that the inhibition profile exhibited by 5e cannot be overcome by improving the substrate concentrations, a detrimental condition for the success of inhibitors aiming for in vivo activity.

  
    

    [image: Figure 1. Double-reciprocal plots of inhibition]

  

  A steady-state ordered BiBi kinetic mechanism has been suggested for MtIMPDH, in which IMP binds first and is followed by the binding of NAD+ and NADH dissociates first and is followed by XMP release.26 After the NAD+ binding event, a rapid electron transference forming NADH and the covalent intermediate E-XMP* for IMPDHs has been reported.27 

  Similar to the analogous compounds already reported to be CpIMPDH inhibitors, the inhibition pattern showed by 5e indicates that this benzo[d]imidazole binds to both E·IMP and E-XMP*, with a slight preference for the E-XMP* state (Kis > Kii).22 It is interesting to note that the experimental findings concerning the benzo[d]imidazole potencies suggest a similar interaction mode of compounds with MtIMPDH to that shown by C64 with CpIMPDH.23 

  Finally, 5e inhibits the MtIMPDH with 50-fold less potency than CpIMPDH (IC50 = 0.06 ± 0.03 µmol L–1).25 This difference may be related to the replacement of Ser354 residue in the eukaryotic protein by Ala483 in the MtIMPDH. This modification alters the physicochemical properties of the binding site because alanine is a non-polar residue replacing a polar one. Thus, the hydrogen-bonding network formed among Glu329, Ser354, Thr221 and amide group23 would not likely occur in MtIMPDH.

  In order to explore the binding phenomenon, a three dimensional protein model was constructed and used for docking simulations. The necessary coordinates for the protein structure was prepared using popular method of homology modeling, details of which has been provided in the Supplementary Information. Interestingly, compound 5e (most active out of 12) was found to be binding to the protein with best ranking and docking score of –6.69 kcal moL-1. The compound was found to be involved in hydrogen bonding with residues Ser83, Ser339, Ile340 and Tyr421 and also in cation-π interaction between Arg443 and phenyl ring of compound (Figure 2). Moreover, the 4-bromo phenyl group of compound was found to be stabilized by strong hydrophobic interactions with residues Met85, Cys341, Met424 and Arg443. These strong interactions of 5e at the active site can be reasoned for its activity towards MtIMPDH. While analyzing the docking pattern of inactive compounds such as 5a and 5d (Figure S7 of the Supplementary Information), the compounds were found to be lacking some of the polar contacts with Ile340 and Tyr421 and also Ser339. The compounds were also found to be orienting slightly in different manner, compared to 5e, which moved the thiazole ring away from Tyr341 making it unavailable for hydrogen bonding.

  
    

    [image: Figure 2. Interaction profile of compound]

  

   

  Conclusions

  In summary, we have reported the efficient preparation of benzo[d]imidazole derivatives and their use as inhibitors on catalytic activity of MtIMPDH. The proposition of these compounds as possible MtIMPDH inhibitors was based on their previously described action on CpIMPDH conducing to selective inhibitors at a low micromolar range. To the best of our knowledge, the titled compounds are among the most potent MtIMPDH inhibitors described to date. Therefore, the data herein presented may provide key insights into the proposition of new compounds that can be used in the further development of novel TB drugs that target MtIMPDH.

   

  Experimental

  All common reactants and solvents were used as obtained from commercial suppliers without further purification. All reactions involving reactants, reagents or intermediates sensitive to air or moisture were performed under an inert atmosphere of argon. Melting points were determined using a Microquímica MQAPF-302 apparatus. 1H NMR spectra were acquired on an Anasazi EFT-60 spectrometer (1H at 60.13 MHz) and at 30 ºC. 13C NMR spectra were acquired on a Fourier 300 spectrometer of University of Caxias do Sul (UCS) in Brazil (13C at 75.48 MHz) and at 25 ºC. DMSO-d6 was used as the solvent, and TMS was used as an internal standard in 5 mm samples tubes. Chemical shifts are expressed in ppm, and J values are given in Hz. High-resolution mass spectra (HRMS) were obtained for all compounds on an LTQ Orbitrap Discovery mass spectrometer from Thermo Fisher Scientific. This hybrid system combines the LTQ XL linear ion trap mass spectrometer with an Orbitrap mass analyzer. The experiments were performed using direct infusion of the sample in a solution of acetonitrile (50%), methanol (50%), and formic acid (0.1%), with a flow of 5 µL min-1 in positive-ion mode using electrospray ionization. Elemental composition calculations were performed using a specific tool included in the Qual Browser module of the Xcalibur (Thermo Fisher Scientific, release 2.0.7) software. Fourier transform infrared (FTIR) spectra were recorded using a universal attenuated total reflectance (UATR) attachment on a PerkinElmer Spectrum 100 spectrometer in the wavenumber range of 650-4000 cm-1 with a resolution of 4 cm-1. Purity of compounds was determined by HPLC using an Äkta HPLC system of GE Healthcare® Life Sciences. HPLC analysis conditions: RP column 5 µm Nucleodur C-18 (250 × 4.6 mm); flow rate 1.5 mL min-1; UV detection at 254 nm; 100% water (0.1% acetic acid) for 7 minutes followed by linear gradient from 100% water (0.1% acetic acid) to 90% acetonitrile/methanol (1:1, v/v) in 16 min; the last partition was maintained by 15 min and subsequently returned to 100% water (0.1% acetic acid) in 5 min remaining for additional 6 min. All evaluated compounds were > 95% pure.

  General procedure for the preparation of 2-bromo-N-phenylacetamides 3a-l

  To a solution containing aniline 1 (0.382 g, 4.1 mmol) and a catalytic amount of dimethylaminopyridine (DMAP) (0.150 g, 30 mmol%) in dry dichloromethane (20 mL) at 0 ºC was added bromoacetyl chloride 2 (0.425 mL, 5.1 mmol) dropwise. The resulting solution was stirred at 0 ºC for 30 min, and the temperature was then increased to 25 ºC. After stirring for an additional 3 h, the reaction mixture was diluted with diethyl ether (50 mL). All of the stirring time was accomplished under argon atmosphere. The organic layers were washed sequentially with a solution of HCl (1 mol L-1, 2 × 50 mL), water (1 × 100 mL), saturated aqueous NaHCO3 (3 × 50 mL), and brine (5% m/v, 1 × 50 mL). Finally, the organic solution was dried over anhydrous MgSO4 and evaporated under vacuum, and the residue was purified by flash chromatography on silica gel eluting with chloroform:methanol (40:1).

  General procedure for the preparation of 2-thiazol-4-yl1H-benzo[d]imidazoles 5a-l

  Selected example for compound N-phenyl-2-(2-thiazol-4-yl)1H-benzo[d]imidazole-1-yl)acetamide (5a).

  A solution containing the 2-bromo-N-phenyl-acetamide 3a (0.107 g, 0.5 mmol), of K2CO3 (0.540 g, 1.56 mmol), and 2-(4-thiazolyl)benzimidazole 4 (0.103 g, 0.51 mmol) in 4 mL of dimethylformamide (DMF) was stirred for 8 h at 25 ºC. After, the reaction mixture was dissolved in 200 mL of distilled water. The precipitated product was filtered off, washed with water and dried under vacuum. Purification of the compound was accomplished by flash chromatography on silica gel (Macherey-Nagel, 35-70 mesh) eluting with chloroform:methanol (40:1). 2-Thiazol-4-yl-1H-benzo[d] imidazoles 5b-l were prepared in accordance with the above described protocol.

  N-Phenyl-2-(2-(thiazol-4-yl)-1H-benzo[d]imidazole-1-yl) acetamide (5a)

  Yield 35%; mp 219-220 ºC; IR (UATR) ν / cm-1 1670 (C=O); 1H NMR (60 MHz, DMSO-d6) δ 5.72 (s, 2H, CH2), 7.00-7.64 (m, 9H, Bi-H*, Ph-H), 8.57 (d, 1H, J 2.1, Th-H*), 9.30 (d, 1H, J 2.1 Hz, Th-H), 10.53 (br, 1H, NH); HRMS (FTMS + pESI) m/z calcd. for C18H14N4OS (M)+: 335.0961; found: 335.0946; Bi-H*: benzoimidazole hydrogens; Th-H*: thiazole hydrogens.

  N-(4-Fluorphenyl)-2-(2-(thiazol-4-yl)-1H-benzo[d]imidazol-1-yl) acetamide (5b)

  Yield 75%; mp 227- 228 ºC; IR (UATR) ν / cm-1 1673 (C=O); 1H NMR (60 MHz, DMSO-d6) δ 5.68 (s, 2H, CH2), 6.96-7.72 (m, 8H, Bi-H*, C6H4), 8.57 (d, 1H, J 2.1 Hz, Th-H*), 9.30 (d, 1H, J 2.1 Hz, Th-H); HRMS (FTMS + pESI) m/z calcd. for C18H13FN4OS (M)+: 353.0867; found: 353.0847; Bi-H*: benzoimidazole hydrogens; Th-H*: thiazole hydrogens.

  N-(4-Chlorophenyl)-2-(2-(thiazol-4-yl)-1H-benzo[d]imidazol-1-yl)acetamide (5c)

  Yield 85%; mp 228-229 ºC; IR (UATR) ν / cm-1 1682 (C=O); 1H NMR (60 MHz, DMSO-d6) δ 5.71 (s, 2H, CH2), 7.19-7.80 (m, 8H, Bi-H*, C6H4), 8.57 (d, 1H, J 2.1 Hz, Th-H*), 9.03 (d, 1H, J 2.1 Hz, Th-H); 13C NMR (75 MHz, DMSO-d6) δ 48.6 (CH2), 111.1, 119.4, 121.1, 122.7, 122.8, 123.3, 127.4, 129.2, 136.9, 138.2, 142.7, 147.3, 147.5, 155.8, 166.5 (C=O); HRMS (FTMS + pESI) m/z calcd. for C18H13ClN4OS (M)+: 369.0563; found: 369.0555; Bi-H*:  benzoimidazole hydrogens; Th-H*: thiazole hydrogens.

  N-(3-Chlorophenyl)-2-(2-(thiazol-4-yl)-1H-benzo[d]imidazol-1-yl)acetamide (5d)

  Yield 18%; mp 211 ºC; IR (UATR) ν / cm-1 1696 (C=O); 1H NMR (60 MHz, DMSO-d6) δ 5.72 (s, 2H, CH2), 7.20-7.78 (m, 8H, Bi-H*, C6H4), 8.59 (d, 1H, J 2.1 Hz, Th-H*), 9.31 (d, 1H, J 2.1 Hz, Th-H), 10.64 (br, 1H, NH); 13C NMR (75 MHz, DMSO-d6) δ 48.0 (CH2), 110.6, 117.4, 118.4, 118.9, 122.2, 122.3, 122.8, 123.0, 130.5, 133.1, 136.5, 140.2, 142.2, 146.8, 147.0, 155.3, 166.3 (C=O); HRMS (FTMS + pESI) m/z calcd. for C18H13ClN4OS (M)+: 369.0571; found: 369.0563; Bi-H*: benzoimidazole hydrogens; Th-H*: thiazole hydrogens.

  N-(4-Bromophenyl)-2-(2-(thiazol-4-yl)-1H-benzo[d]imidazol-1-yl)acetamide (5e)

  Yield 70%; mp 231 ºC; IR (UATR) ν / cm-1 1682 (C=O); 1H NMR (60 MHz, DMSO-d6) δ 5.70 (s, 2H, CH2), 7.19-7.79 (m, 8H, Bi-H*, C6H4), 8.57 (d, 1H, J 2.1 Hz, Th-H*), 9.30 (d, 1H, J 2.1 Hz, Th-H); HRMS (FTMS + pESI) m/z calcd. for C18H13BrN4OS (M)+: 413.0066; found: 413.0045; Bi-H*: benzoimidazole hydrogens; Th-H*: thiazole hydrogens.

  N-(4-Iodophenyl)-2-(2-(thiazol-4-yl)-1H-benzo[d]imidazol-1-yl)acetamide (5f)

  Yield 43%; mp 258 ºC; IR (UATR) ν / cm-1 1675 (C=O); 1H NMR (60 MHz, DMSO-d6) δ 5.89 (s, 2H, CH2), 7.18-7.74 (m, 8H, Bi-H*, C6H4), 8.54 (d, 1H, J 2.1 Hz, Th-H*), 9.27 (d, 1H, J 2.1 Hz, Th-H); 13C NMR (75 MHz, DMSO-d6) δ 48.0 (CH2), 86.9, 110.7, 118.9, 121.2, 122.2, 122.3, 122.8, 136.5, 137.5, 138.6, 142.2, 146.8, 147.0, 155.3, 166.1 (C=O); HRMS (FTMS + pESI) m/z calcd. for C18H13IN4OS (M)+: 460.9928; found: 460.9938; Bi-H*: benzoimidazole hydrogens; Th-H*: thiazole hydrogens.

  N-(4-Nitrophenyl)-2-(2-(thiazol-4-yl)-1H-benzo[d]imidazol-1-yl)acetamide (5g)

  Yield 88%; mp 167 ºC; IR (UATR) ν / cm-1 1696 (C=O); 1H NMR (60 MHz, DMSO-d6) δ 5.77 (s, 2H, CH2), 7.20-7.36 (m, 2H, Bi-H*), 7.61-7.87 (m, 4H, Bi-H, C6H4) 8.14-8.30 (d, 2H, J 9.6 Hz, C6H4), 8.59 (d, 1H, J 2.1 Hz, Th-H*), 9.22 (d, 1H, J 2.1 Hz, Th-H); 13C NMR (75 MHz, DMSO-d6) δ 48.7 (CH2), 110.7, 118.8, 122.1, 122.3, 122.8, 125.0, 136.4, 142.0, 142.2, 146.7, 147.0, 155.3, 167.2 (C=O); HRMS (FTMS + pESI) m/z calcd. for C18H13N5O3S (M)+: 380.0812; found: 380.0805; Bi-H*: benzoimidazole hydrogens; Th-H*: thiazole hydrogens.

  N-(4-Cyanophenyl)-2-(2-(thiazol-4-yl)-1H-benzo[d]imidazol-1-yl)acetamide (5h)

  Yield 66%; mp 236 ºC; IR (UATR) ν / cm-1 1709 (C=O); 1H NMR (60 MHz, DMSO-d6) δ 5.70 (s, 2H, CH2), 7.18-7.74 (m, 8H, Bi-H*, C6H4), 8.57 (d, 1H, J 2.1 Hz, Th-H*), 9.29 (d, 1H, J 2.1 Hz, Th-H); HRMS (FTMS + pESI) m/z calcd. for C19H13N5OS (M)+: 360.0914; found: 360.0895; Bi-H*: benzoimidazole hydrogens; Th-H*: thiazole hydrogens.

  N-(2,4-Dimethoxyphenyl)-2-(2-(thiazol-4-yl)-1H-benzo[d] imidazol-1-yl)acetamide (5i)

  Yield 27%; mp 234 ºC; IR (UATR) ν / cm-1 1671 (C=O); 1H NMR (60 MHz, DMSO-d6) δ 3.74 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 5.72 (s, 2H, CH2), 6.35-6.62 (m, 2H, C6H3), 7.21-7.76 (m, 5H, Bi-H*, C6H3), 8.57 (d, 1H, J 2.1 Hz, Th-H*), 9.35 (d, 1H, J 2.1 Hz, Th-H); 13C NMR (75 MHz, DMSO-d6) δ 48.1 (CH2), 55.3, 55.8, 98.8, 103.9, 110.6, 118.9, 120.1, 122.3, 122.4, 122.7, 122.8, 136.3, 142.3, 146.9, 147.0, 151.0, 155.3, 156.7, 165.6 (C=O); HRMS (FTMS + pESI) m/z calcd. for C20H18N4O3S (M)+: 395.1172; found: 395.1177; Bi-H*: benzoimidazole hydrogens; Th-H*: thiazole hydrogens.

  N-(3-Propoxyphenyl)-2-(2-(thiazol-4-yl)-1H-benzo[d] imidazol-1-yl)acetamide (5j)

  Yield 15%; mp 223 ºC; IR (UATR) ν / cm-1 1686 (C=O); 1H NMR (60 MHz, DMSO-d6) δ 0.93 (t, 3H, J 7 Hz, CH3), 1.65 (quint, 2H, J 7 Hz, CH2), 3.84 (t, 2H, J 7, CH2), 5.75 (s, 2H, CH2), 6.53-7.67 (m, 8H, Bi-H*, C6H4), 8.56 (d, 1H, J 2.1 Hz, Th-H*), 9.30 (d, 1H, J 2.1 Hz, Th-H). 10.42 (br, 1H, NH); 13C NMR (75 MHz, DMSO-d6) δ 10.4, 22.0, 48.0 (CH2), 68.8, 105.2, 109.5, 111.1, 122.3, 122.8, 129.6, 140.0, 159.0, 165.9 (C=O); HRMS (FTMS + pESI) m/z calcd. for C21H20N4O2S (M)+: 393.1380; found: 393.1378; Bi-H*: benzoimidazole hydrogens; Th-H*: thiazole hydrogens.

  2-(2-(Thiazol-4-yl)-1H-benzo[d]imidazol-1-yl)-N-o-tolylacetamide (5k)

  Yield 40%; mp 165 ºC; IR (UATR) ν / cm-1 1666 (C=O); 1H NMR (60 MHz, DMSO-d6) δ 2.21 (s, 3H, CH3), 5.70 (s, 2H, CH2), 6.91-7.77 (m, 8H, Bi-H*, C6H4), 8.53 (d, 1H, J 2.1 Hz, Th-H*), 9.30 (d, 1H, J 2.1 Hz, Th-H), 9.71 (br, 1H, NH); HRMS (FTMS + pESI) m/z calcd. for C19H16N4OS (M)+: 349.1118; found: 349.1122; Bi-H*: benzoimidazole hydrogens; Th-H*: thiazole hydrogens.

  1-(Piperidin-1-yl)-2-(2-(thiazol-4-yl)-1H-benzo[d]imidazol-1-yl)ethanone (5l)

  Yield 44%; mp 171 ºC; IR (UATR) ν / cm-1 1642 (C=O); 1H NMR (60 MHz, DMSO-d6) δ 1.63 (br, 6H, Pi-H*), 3.51 (br, 6H, Pi-H), 5.64 (s, 2H, CH2), 7.25-7.81 (m, 4H, Bi-H*), 8.31 (d, 1H, J 2.1 Hz, Th-H*), 8.83 (d, 1H, J 2.1 Hz, Th-H); 13C NMR (75 MHz, DMSO-d6) δ 24.1, 25.3, 25.9, 42.7, 45.4, 46.4, 110.6, 118.7, 122.0, 122.2, 122.6, 136.5, 142.0, 146.9, 147.1, 155.0, 164.9 (C=O); HRMS (FTMS + pESI) m/z calcd. for C17H18N4OS (M)+: 327.1274; found: 327.1273; Pi-H: piperidine hydrogens; Bi-H*: benzoimidazole hydrogens; Th-H*: thiazole hydrogens.

  Enzymatic activity assays

  The recombinant MtIMPDH was expressed and purified as previously described.26 The effect of each compound on steady-state velocities was evaluated using a UV-2550 UV-Visible spectrophotometer (Shimadzu) by monitoring NAD+ reduction to NADH at 340 nm (εβ–NADH: 6.22 M-1 cm-1) and corrected for non-catalyzed chemical reactions in the absence of MtIMPDH. Assays were performed at 37 ºC, in 50 mmol L–1 Tris pH 8.5, 1 mmol L–1 DTT, and 200 mmol L–1 KCl. Enzyme-catalyzed reaction started with the addition of MtIMPDH at 145 nM to the assay mixture (500 µL of final volume) and data were collected for 5 min. The inhibitors were dissolved in dimethyl sulfoxide (DMSO) and added to the reaction mixture at a final concentration of 10 µmol L–1. Enzyme velocity was used to determine the % inhibition and, as a control, the maximal rate of the enzymatic reaction (100% of MtIMPDH activity) was determined in the absence of inhibitor and in the presence of fixed non-saturating concentrations of IMP (100 µmol L–1, K0.5 ca. 120 µmol L–1) and NAD+ (1 mmol L–1, Km ca. 887 µmol L–1), in the presence of 1% DMSO.26 Compounds able to reduce the enzyme activity by more than 50% were selected for further IC50 determination.

  IC50 determinations

  The IC50 values were determined by adding different concentrations of the compounds (dissolved in DMSO) to the reaction mixture above described and the enzyme velocity was used to determine the % inhibition. The IC50 values were estimated using equation 1, where [I] is the inhibitor concentration, vi is the initial velocity in the presence of the inhibitor, vo is the initial velocity in the absence of inhibitor, and the IC50 value is defined as the concentration of the inhibitor that reduces the enzyme velocity by half.

  
    [image: Equation 1]

  

  Time-dependent inhibition

  To evaluate whether or not enzyme inhibition may be time dependent, recombinant MtIMPDH was preincubated at room temperature with 10 µmol L–1 inhibitor (final concentration), which was then added at different times (up to 30 min) to the reaction mixture, as previously described. This analysis was performed to determine if inhibition follows a rapid equilibrium mode (classical competitive, uncompetitive and noncompetitive inhibition) or if there is a slow step in the equilibrium process.

  Mode of inhibition and determination of the overall inhibition constant for 5e

  The determination of Ki values and the mode of inhibition were performed for 5e inhibitor towards both MtIMPDH substrates. Lineweaver-Burk (double-reciprocal) plots were employed to determine the mode of inhibition (competitive, noncompetitive or uncompetitive) and data fitting to appropriate equations gave values for the inhibition constants (Kis and/or Kii). In short, the inhibition mode was proposed based on the effects on Vmax and Km values for each inhibition type, resulting in plots with distinct straight line patterns toward either IMP or NAD+ as follows: lines intercept on y axis for competitive inhibition (does not affect the apparent Vmax and increases apparent Km), lines intercept on left of y axis for noncompetitive inhibition (decreases apparentVmax, and does not affect apparent Km values if Kis = Kii, increases the apparent Km values if Kis < Kii, or decreases the Km values if Kis > Kii), and parallel lines for uncompetitive inhibition (decreases both apparent Vmax and Km values).28 

  The inhibition studies were carried out at varying concentrations of one substrate, a fixed non-saturating concentration of the other substrate, and in the absence of inhibitor and in the presence of three different concentrations of each inhibitor 5e (0.5, 1 and 1.5 µmol L–1). For IMP substrate analysis, the experiment was carried out with IMP concentrations ranging from 40 µmol L–1 to 1000 µmol L–1 and NAD+ at 1 mmol L–1; for NAD+ substrate analysis, the NAD+ concentrations ranged from 0.2 mmol L–1 to 4 mmol L–1, with IMP fixed at 100 µmol L–1. The enzyme concentration was constant at 550 nM throughout the assays. Noncompetitive and uncompetitive inhibition data were fitted to equations 2 and 3, respectively:
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  In these equations, [I] is the inhibitor concentration, [S] is the substrate concentration, Km is the Michaelis constant, Vmax is the maximal velocity, and Kii is the overall inhibition constant for the enzyme-substrate-inhibitor complex, and Kis is the overall inhibition constant for the enzyme-inhibitor complex.28 

  Computational studies

  Homology modeling is used to predict the three-dimensional structure of a protein sequence. Until date there were no crystal structure reported for MtIMPDH, which motivate us for protein modeling using one of its close homolog crystal structure with maximum identity as template. The MtIMPDH protein sequence was retrieved from Swiss-Prot protein database (accession id:P9WKI7.1).29 A similarity search was done for the protein sequence against protein data bank using BLAST (Basic Local Alignment Search Tool).30 This search resulted in identification of crystal structure of IMPDH with XMP from Bacillus anthracis str. Ames (PDB ID3TSD) with 54% identity to MtIMPDH sequence.31 This was the template identified with maximum identity. The homology model for MtIMPDH was generated using Prime v2.3 of Schrödinger 2012.32 Crystal ligand coordinates from template were also incorporated into model during model development. The model generated was subjected to loop refinement and finally the energy was minimized using the OPLS-2005 force field.33 The developed model was inspected for Ramachandran plot using PROCHECK analysis.34 The ProSA analysis was done for the final model so as to study the overall quality of the model.35 The root mean square deviation (rmsd) of model when superimposed over the template was also checked so as to assess the reliability of model. Further, the active site of the model was analyzed based on the sequence alignment and SiteMap v2.6 of Schrödinger 2012.36 More information regarding the homology modeling can be obtained in Supplementary Information.

  Molecular docking studies for the synthesized 12 compounds were carried out with the modeled protein using Glide v5.8 of Schrödinger 2012.37 The compounds for docking were sketched using Maestro panel of Schrodinger and their geometry was cleaned and all possible confirmations were generated using LigPrep v2.5 of Schrödinger.37 Finally, the resulted docking poses for the compounds with the protein were analyzed for active site interactions.

   

  Supplementary Information

  Supplementary Information (amino acid sequence alignment of MtIMPDH and CpIMPDH, 1H NMR spectra of compounds, 13C NMR spectra of selected compounds, and more details of the computational studies) is available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Computational studies - homology modeling

    The model was developed based on IMPDH of Bacillus anthracis which share 54% identity with MtIMPDH. The sequence alignment of MtIMPDH over the template is given in Figure S2. The model developed has been found with similar structural features as that of template. The root mean square deviation (rmsd) of the generated model when superimposed over the template was found to be 0.72 Å (Figure S3). The model developed was subjected to loop refinement and the final model was energy minimized using OPLS_2005 force field.

    The stereochemical quality of the developed model was assessed using PROCHECK. Ramachandran plot for the model (Figure S4) showed 96.1% residues in most favorable region, 2.2% in additionally allowed region, 1.1% in generously allowed region and 0.6% residues in disallowed region. These statistics revealed the reliability of model and the presence of majority of residues in a phi-psi distribution that is consistent with right-handed α-helix. The overall model quality was assessed by ProSA analysis which resulted in a Z-score of –9.77 (Figure S5).

    This Figure shows the model falling in to the X-ray crystallographic area in the plot corresponding to its quality. Hence, this model was considered for further docking studies in the present work.

    Though the model developed contains the coordinates for XMP which was incorporated from template, a structural superimposition of template and model was done to identify the conserved active site residues. The superimposition of active sites of both model and template is shown in Figure S6. This alignment revealed that the XMP from both template and model aligned exactly over each other and most of the active site residues which interact with XMP were conserved in both protein structures. Most of the residues like Thr310, Asp341, Gly343, Gly364, Ser365, Tyr388 from template were found to be conserved in MtIMPDH model as Thr343, Asp374, Gly376, Gly397, Ser398 and Tyr421, respectively. Moreover, a SiteMap analysis was also carried out to locate the active site pocket of the model developed which resulted in identification of XMP bound site with maximum site score. Hence, the XMP bound site was used for further docking studies.

    
      [image: Figure S21. Sequence alignment of MtIMPDH over]

    

    
      [image: Figure S22. Structural alignment of the developed]

    

    
      [image: Figure S23. Ramachandran plot for the MtIMPDH model]

    

    
      [image: Figure S24. ProSA analysis for the developed MtIMPDH model]

    

    
      [image: Figure S25. Alignment active sites of MtIMPDH]

    

    
      [image: Figure S26. Ligand interaction pattern for both compounds]

    

     

    References

    1. Thompson, J. D.; Higgins, D. G.; Gibson, T. J.; Nucleic Acids Res. 1994, 22, 4673.

    2. Prime version 2.3, Schrödinger; LLC, New York, 2012.

  





  DOI: 10.5935/0103-5053.20150105

  ARTICLE

  
    Hassan AF, Helmy SA, Donia A. MCM-41 for Meloxicam Dissolution Improvement: in vitro Release and in vivo Bioavailability Studies. J. Braz. Chem. Soc. 2015;26(7):1367-78

  

  
    MCM-41 for Meloxicam Dissolution Improvement: in vitro Release and in vivo Bioavailability Studies

  

   

   

  Asaad F. HassanI*; Sally A. HelmyII,III; Ahmed DoniaIV

  IDepartment of Chemistry, Faculty of Science, Damanhour University, 22511 Damanhour, Egypt

  IIDepartment of Pharmaceutics, Faculty of Pharmacy, Damanhour University, 22511 Damanhour, Egypt

  IIIDepartment of Clinical and Hospital Pharmacy, Faculty of Pharmacy, Taibah University, 41321 AL-Madinah, AL-Munawarah, Kingdom of Saudi Arabia

  IVDepartment of Pharmaceutical Technology, Faculty of Pharmacy, Tanta University, 31511 Tanta, Egypt

   

  
    In this study, MCM-41 was prepared as a carrier for poorly water soluble drugs. Meloxicam (MLX) was selected as model compound. Textural and chemical characterizations were carried out by thermal gravimetric analysis (TGA), scanning electron microscope (SEM), nitrogen adsorption/desorption, X-ray diffraction (XRD) and Fourier transform infrared (FTIR). The in vitro release of MLX was performed at pH 1.2 and 6.8. After loading MLX into MCM-41, its oral bioavailability was compared with the free drug and the marketed product Mobic® (R) in rabbits. After administration of free MLX to rabbits (5 mg kg–1), MLX presented a two distinct double-peak profile in case of R and F2 due to enterohepatic cycling. The effect of MCM-41 was mainly on the rate not the extent of MLX absorption. Administration of free MLX to rabbits resulted in an AUC0–∞ value of 11.9 µg h mL–1 and a Tmax of 4.3 h. When the same dose of MLX was introduced as R or formulated into MCM-41 (F2; MLX to MCM-41 ratio of 0.7), the systemic exposure to MLX was raised significantly by ca. 4-fold as reflected in AUC0–∞ value of 46.9 and 45.5 µg h mL–1 for R and F2, respectively. Development of an immediate formulation could enhance the curative effect of MLX by increasing its drug release and dissolution rate in the preferential absorptive region.
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  Introduction

  Oral delivery is the preferred route for drug administration, however it is frequently impaired by several challenges such as inadequate physicochemical, biopharmaceutical and/or physiological properties that may limit their bioavailability.1,2 In accordance to the biopharmaceutics classification system (BCS),3 class II drugs (low solubility and high gastrointestinal (GI) permeability) present a major challenge for drug delivery system development and, in particular, in the design of suitable oral solid dosage forms. One attractive approach to increase the aqueous solubility and thus the bioavailability of poorly soluble drugs is to formulate them in their amorphous state since amorphous compounds generally exhibit higher apparent solubilities than their crystalline counterparts.4

  Mesoporous silica of high surface area, large pore volume and controlled pore size distribution has attracted a great deal of attention since it was first reported by researchers at Mobil oil in 1992.5 Mesoporous silica has found a wide range of applications, particularly separation,6 and catalytic reactions.7 Ordered mesoporous silica materials have been proposed in literature as possible carriers to improve dissolution rate of poorly soluble drugs.8-13 So far, the most extensively investigated mesoporous silica as drug carrier has been the channel­like mesoporous MCM-41. MCM-41 has a hexagonal array that typically featuring a very uniform pore structure of unidirectional channels.14 Furthermore, the presence of free hydroxyl groups on its surface, which is easily accessible to interactions with molecules via hydrogen bonding promote its uses in drug formulation.15 Dissolution rate enhancement of class II drugs could be achieved by loading into MCM­41 due to:16 (i) its high surface area allows a wide contact between solid particles and biological fluids, (ii) the unidirectional and size uniform pores shun any tortuosity and narrowing that could slow the diffusion of the adsorbed drug, (iii) the weak bonds between silicate silanols and the adsorbed molecules break easily in presence of water with consequent rapid guest release in molecular form, (iv) once adsorbed, the drug molecules are confined in a nanosized space that prevents their re-crystallization.17

  Meloxicam (MLX) is an oxicam derivative and a preferential COX-2 inhibitor (Figure 1). It possesses analgesic, antipyretic and anti-inflammatory effects with less gastric and local tissue irritation as compared to other non-steroidal anti-inflammatory drugs (NSAIDs).18 MLX has been found to be effective in the treatment of rheumatoid arthritis, osteoarthritis and degenerative joint diseases.19 MLX is a pastel yellow solid drug belonging to BCS class II.20 The solubility and dissolution rate of MLX in acid media are very poor. It is practically insoluble in water (0.012 mg mL–1),21 with higher solubility observed in strong acids and bases. It is very slightly soluble in methanol. MLX has pKa values of 1.1 and 4.2. It is, therefore, considered a class II drug.20 MLX is almost completely absorbed after administration with an absolute bioavailability of 89%.22,23 After oral administration, it is completely absorbed over a prolonged period of time. It binds strongly to serum albumin (> 99%) and reaches a maximum concentration in 4-5 h after oral administration.24 MLX is eliminated by metabolism to inactive metabolites as well as excreted unchanged in urine and feces with an elimination half-life around 20 h.22

  
    

    [image: Figure 1. MLX chemical structure]

  

  The therapeutic efficacy of MLX is strongly limited by its poor water solubility. Accordingly, a formulation which permits a fast MLX release in its absorption window could be very useful. In order to achieve this, mesoporous MCM­41 was chosen as a carrier to improve MLX dissolution rate in gastric conditions. Mesoporous silica showed potential to boost the in vitro and in vivo dissolution of poorly water soluble drugs. Several studies had been conducted for the utilization of mesoporous silica matrix MCM-41 in enhancing the dissolution of water insoluble drugs such as furosemide,16 ibuprofen,25,26 coumarin derivatives,27 carvedilol,28 naproxen,29 piroxicam.8 To the best of our knowledge, very limited study had been yet reported for the dissolution enhancement of MLX by inclusion in mesoporous silica MCM-41. Accordingly, the aim of this work was to include MLX into MCM-41 pores to develop a delivery system capable to improve MLX dissolution rate in the preferential absorptive region. This was to enhance its curative and therapeutic effect.

   

  Experimental

  Materials

  Meloxicam (purity 99%) and piroxicam (purity 99%) were purchased from Sigma-Aldrich Co., St. Louis, MO, USA. Cetyltrimethylammonium bromide (CTAB) and tetraethoxysilane (TEOS) were purchased from Alfa Aesar Co., Karlsruhe, Germany and were used without further purification. All reagents used were of liquid chromatography grade and were purchased from Merck Chemicals, Darmstadt, Germany; Milli-Q grade (Millipore, Bedford, MA, USA) distilled water was used in all cases.

  Synthesis of mesoporous MCM-41

  Pure mesoporous silica MCM-41 was synthesized according to the method proposed by Beck et al.30 CTAB, as a template, was dissolved in amount of distilled water in presence of ammonia solution. Addition of ammonia resulted in a sufficiently basic solution (ca. pH 13) to initiate the formation of silicate anions. Once fully dissolved, the silica source, TEOS, was added drop wise to the mixture with vigorous stirring at 25 ºC. At higher tetraethoxysilane loading, a thick white paste was formed. The product was filtered, washed with distilled water and dried in air at 110 ºC. The mole composition of the gel mixture was TEOS:CTAB:NH3:H2O = 1.04:0.22:1.39:44.4. The sample was calcined in muffle at 550 ºC for 5 h.

  MLX loading in MCM-41 procedures

  Three formulations of MCM-41-MLX (F1, F2 and F3) were prepared by solvent evaporation method. Three equal amounts of MCM-41 were added to a three different MLX concentrated solutions in 50 mL ethanol with MLX to MCM-41 ratios of 0.1, 0.7 and 1.4 to afford final products; F1, F2, and F3, respectively. The mixtures were kept under magnetic stirring for 48 h at room temperature. Solvent removal was performed by a rotary evaporator. The three formulations were filtered and dried in vacuum conditions at 40 ºC for five days.

  Preparation of physical mixture by trituration method

  MLX and MCM-41 at a ratio of 7:10 were sifted through a 40-mesh (425 µm) screen, mixed together (with trituration in a pestle-mortar), and stored in a desiccated environment.

  Textural and chemical characterization

  Thermogravimetric analysis (TGA) for MCM-41 and MCM-41 loaded with MLX (F2) was performed in thermoanalyzer apparatus (Shimadzu D-50, Japan) at a nitrogen flow rate of 50 mL min–1 and a heating rate of 10 ºC min–1 up to 850 ºC.

  The crystalline characteristics of MCM-41, physical mixture, and MCM-41 loaded with MLX (F2) were determined using powder X-ray diffractometer (XRD) (Shimadzu XD-1, Japan). About 60 mg of sample was run as a smear amount on a standard glass slide and a diffractgram in the 2q range 0.5-10 with a scanning rate 2 degree min–1 was obtained.

  Scanning electron micrographs (SEM) for MCM-41, and MCM-41loaded meloxicam (F2) were obtained using JEOL 6400, Japan. Prior to the measurement, the sample was dried at 110 ºC for 4 h. A thin layer of the gold was coated on the sample for charge dissipation.

  Specific surface area (SBET / m2 g–1), total pore volume 
    (VT / mL g–1), and pore radius (–r / nm) for MCM-41 and F2 samples were determined through nitrogen adsorption at –196 ºC using NOVA2000 gas sorption analyzer (Quantachrome Corporation, USA) system. The specific surface area (SBET / m2 g–1) was measured using BET equation. Average pore radius (–r / nm) was calculated using the following equation:
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  where,VT is the adsorbed volume near saturation, i.e., at 
    p/pº ca. 0.95 multiplied by the factor 15.5 × 10–4.

  Fourier transform infrared spectra (FTIR) of MCM-41, MLX, physical mixture and MCM-41 loaded with MLX (F2) were recorded on a Mattson 5000 FTIR spectrometer in the range between 4000 and 400 cm–1, were prepared by conventional KBr pellet method.

  In vitro release studies

  MLX in vitro release was performed at pH 1.2 and 6.8 to simulate the gastric and intestinal fluids using USP-2 (paddle) dissolution apparatus (Copley Scientific, Nottingham, UK), 50 rpm and 37 ± 0.5 ºC. To operate in sink conditions, each sample contained 15 mg of MLX. Five mL samples of the dissolution medium were withdrawn at appropriate time intervals (1, 2, 3, 4, 5, 10, 15, 30, 45, 60, 90 and 120 min). The samples were filtered through a 0.45 µm Millipore filter (Merck KGaA, Darmstadt, Germany) and fresh dissolution medium preheated at 37 ºC was added to compensate for the withdrawn volume. MLX content was determined spectrophotometrically (Thermo Scientific™ Evolution 300 UV-Vis Spectrophotometer, Madison WI 53711-4495 U.S.A.) at 360 nm in the two dissolution media with reference to a standard curve constructed for each dissolution medium. Each result represented an average of three measurements and the error was expressed as standard deviation (SD). The cumulative amount and percentage of drug release at each sampling time was computed, and release profiles were plotted as the cumulative percent of drug released versus time.

  For drug release kinetics, to calculate the possible mechanism of MLX release from the tested formulations, the release data was analyzed mathematically according to the following models: Zero-order kinetic (Q = kt) by plotting the undissolved drug amount versus the time,31 first-order kinetics (log Q = kt/2.303) by plotting the logarithm of the undissolved drug amount versus the time,31-33 and Higuchi's kinetics (Q = kt0.5) by plotting the undissolved drug amount versus the square root of time,34 where (Q) is the amount of drug released at a time (t) and (k) is the rate constant.

  The kinetic parameters of the dissolution were calculated by using equations of a mathematical model that presented most significant correlation coefficient. The calculated in vitro differential and cumulative release parameters were peak height (PH, % released), peak time (PT, min), and area under differential dissolution curve (AUDC, min%) for differential and area under cumulative dissolution curve (AUCC, min%) and half-life of release (t50%, min) for cumulative release parameters.

  Stability studies

  MCM-41 loaded with MLX (F2) were kept at 40 ± 0.5 ºC and at 75% of relative humidity.15 The presence of the crystalline form was tested by XRD after 1, 7, 15, 30 and 60 days. Moreover, the physical stability was evaluated by keeping the samples in a desiccator over CaCl2 for 60 days at room temperature

  In vivo study

  Animal experiments

  Six male New Zealand white rabbits (4-6 months of age, 2.5-3.0 kg, male) were housed according to the Egyptian laws, guidelines and policies for animal experiments, housing and care. The animal study adhered to the principles of Institutional Animal Care and Use Committee Guidebook.35 The study protocol was approved by the Institutional ethical committee for the use of animals in research. Prior to oral drug administration, the rabbits were fasted overnight (> 12 h) with free access to water. On study days, rabbits were placed in metal restrainers at 8.00 am, and a 22 gauge × 12-in catheter (Charter Med Inc., Winston-Salem, NC) was inserted without anesthesia into the anterior vena cava via the marginal ear vein. Doses were administered orally by gavage at 9.00 am as a 16-mL bolus of the respective formulation. After receiving the oral dose, 3 mL of water was administered to facilitate swallowing. After 4 h, the rabbits had free access to food and water.

  MCM-41 loaded with MLX (F2), free MLX and Mobic® (Boehringer Ingelheim International GmbH Ingelheim am Rhein, Germany) were selected for in vivo study. Each animal received the three formulations as a single oral dose of 5 mg kg–1 in a complete three cross-over design with a 2-week washout period. Blood samples (1 mL) were collected through the marginal ear vein catheter by insulin plastic syringe at 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 10, 12 and 24 h after drug administration. Immediately after blood collection, plasma was harvested by centrifugation at 3000 g for 10 min. Plasma was then transferred to a fresh Eppendorf tube and frozen at –20 ºC prior to analysis by a validated high performance liquid chromatography (HPLC) method. After collection of the final blood samples at 24 h after dosing, catheters were removed and the rabbits were returned to their cages.

  HPLC assay

  The plasma level of MLX was measured using a validated HPLC-UV method.24 Briefly, the mobile phase comprised 0.6% acetic acid: acetonitrile, at a ratio of 52:48; the elution was isocratic at ambient temperature with a flow rate of 2 mL min–1. The separation was achieved using a µ BondapakTM C18 column (300 mm × 3.9 mm, 15­20 µm; Waters, U.S.A.). The effluent was monitored using a Waters 2487 dual λ absorbance detector, U.S.A. at 364 nm for MLX and the internal standard (piroxicam), and peak areas were integrated and calculated electronically using the data analysis program Millenium. The calibration curves included all drug concentrations measured in clinical practice with within- and between-day accuracies and precisions were in accordance with Food and Drug Administration (FDA) guidelines.36 Calibration curves (n = 7) were found to be linear over the entire concentration range of MLX (0.05-10 µg mL–1), with a correlation coefficient R2 > 0.999 throughout the course of the assay for MLX. The lower limit of quantification (LOQ) and limit of detection (LOD) were 0.05 and 0.02 µg mL–1, respectively. The within- and between-day coefficients of variance (CV) were always within ± 12% in the entire range of the calibration curve. The within-day accuracy ranged between 99.9% and 107.0%, whereas the between-day accuracy ranged between 98.7% and 103.1%. The concentrations of the quality control samples were 0.1, 5 and 7 µg mL–1, respectively. The absence of interference of MLX with piroxicam was verified.

  Pharmacokinetic analysis

  Individual plasma concentration-time profiles were analyzed according to non-compartmental pharmacokinetic (PK) analysis. The elimination rate constant (k) was estimated by least squares regression of plasma concentration-time data points in the terminal log-linear region of the curves. Half-life (t1/2) was calculated as 0.693 divided by k. The AUC from zero to the last measurable plasma concentration (AUC0-t) was calculated using the linear trapezoidal rule. The AUC from zero to infinity (AUC0-∞) was calculated as AUC0-∞ (AUC0-t + C / k), where C is the last measured concentration.36 The non-compartmental parameters describing the concentration and location of the two peaks (Cmax 1, Cmax 2 and Tmax 1, Tmax 2). The Apparent total clearance (Cl/F) was calculated as oral clearance (Cl/F) = dose/AUC0-∞. The apparent volume of distribution (Vd/F) was estimated as oral clearance/k relative to the bioavailability (F) of MLX. Area under the first moment curve (AUMC) was calculated by trapezoidal integration and extrapolation to infinity. Mean residence time (MRT) was calculated as the ratio (AUMC)/(AUC0­∞).37

  Statistical analysis

  The PK parameters were calculated and the results presented as the mean ± SD. Statistical comparisons between phases were made with Student's t-test and one-way analysis of variance (ANOVA). All statistical analyses were performed using the Minitab Statistical Package version 13 (Minitab, State College, PA) on an IBM PC. A p value of < 0.05 was taken as the level of significance.

   

  Results and Discussion

  Textural and chemical characterization

  Surface and structural properties of nanoporous solids could be studied directly by employing modern techniques such as electron microscopy, atomic force microscopy, X-ray analysis and various spectroscopic methods suitable for materials characterization and surface imaging.38 In addition, these properties could be investigated by indirect methods such as adsorption,39 and thermal analysis.40 The quantities evaluated from adsorption and thermodesorption data provided information about the whole adsorbent-adsorbate system. These data might be used mainly to extract information about porosity of solids,41 and surface heterogeneity. For instance, the low temperature (–196 ºC) nitrogen adsorption is a standard and widely used method to determine the specific surface area and pore size distribution of nanoporous materials.42

  Thermogravimetric analysis

  Thermogravimetric weight loss curves for MCM-41 and F2 are shown in Figure 2. Pure MCM-41 showed a major weight loss about 7.5% at temperature up to 105 ºC. This could be related to the release of physically surface adsorbed water molecules,43 which indicated a relatively hydrophobic surface. At higher temperature, TGA curve of MCM-41 was flat, especially up to 600 ºC, showing that there was no remarkable condensation of silanol groups on the surface of the material.44 In the case of F2, weight loss up to 100 ºC was lower than that of pure MCM-41; indicating the absence of surface adsorbed water molecules due to the presence of surface coverage MLX molecules. At the temperature ranged between 150 and 300 ºC, a decrease in weight by about 34% was observed. This could be attributed to the decomposition of MLX pre­loaded, followed by a flat line indicating thermal stability of residual MCM-41.

  
    

    [image: Figure 2. TGA of pure MCM-41 and F2]

  

  X-ray diffraction analysis

  Low-angle XRD patterns of MCM-41, F2 and physical mixture are shown in Figure 3. The XRD of pure MCM­41showed a high intensity (100) and two low intensity reflections (110) and (200) at two theta angle corresponding to 2.51º, 4.49º and 5.51º respectively, which were characteristics of the hexagonal mesoporous MCM-41.45 For XRD pattern of F2, the (100) and (200) reflections decreased in intensities, which could be due to contrast matching between the silicate framework and MLX organic moieties that were distributed inside the channels of MCM-41. This indicated that there was no observable deformation in the basic structure of MCM­41 with drug loading.46 XRD pattern of physical mixture showed reflections of MCM-41 indicating the amorphous nature of MLX.

  
    

    [image: Figure 3. XRD patterns of MCM-41, physical mixture]

  

  Morphology and surface area determination

  The morphology and particle size of MCM-41 and F2 were analyzed by SEM. The SEM images of MCM-41 and F2 are shown in Figure 4.

  
    

    [image: Figure 4. SEM images of MCM-41 (a) and F2 (b).]

  

  The SEM of MCM-41 and F2 showed an irregular particle size ranged between 0.540-1.064 µm and appeared as fluffy spherical shaped particles. Loading of MLX into MCM-41 did not affect the shape or particle size of MCM-41. This indicated that MLX molecules were entrapped in the pores of MCM-41 particles. Furthermore, the characteristics of MCM-41 and F2 were also confirmed by the results obtained from nitrogen adsorption/desorption measurements (shown in Figure 5), and the detailed data are summarized in Table 1. It was observed that adsorption isotherms, belonged to type-IV as defined by the International Union of Pure and Applied Chemistry (IUPAC) nomenclature, were typical of mesoporous solid.47 Two samples exhibited a strong adsorption at 0.4 > p/pº > 0.2 which, was characteristic to capillary condensation into the uniform pore size mesopores.48 In addition, it could be observed that F2 had the similar nitrogen adsorption/desorption isotherm as MCM-41; indicating that the pore dimension of the host material still remained unchanged.49 The last result was coincided with SEM images and XRD patterns. The data of surface area (SBET, m2 g–1), total pore volume (V, mL g–1) and average pore radius (–r, nm) are summarized in Table 1. Upon inspection of the data shown in Table 1, it could be observed that the SBET values and VT for F2 decreased than that for MCM-41. This could be related to the corresponding loaded MLX molecules in the pores of MCM-41. The average pore radius decreased from 2.674 to 2.212 nm after MLX loading to prove that MLX molecules were introduced and distributed inside the channel of mesoporous silica.

  
    

    [image: Figure 5. Nitrogen adsorption/desorption isotherms]
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  Fourier transform infrared spectroscopy

  Infrared spectroscopy has been one of the most frequently used instrumental analysis methods to characterize the surface functionalities in MCM-41.48,50 Since its introduction, FTIR spectroscopy has found a wide application to both qualitative and quantitative analysis of the mesoporous silica. The Fourier analysis provides an improvement of the signal-to-noise ratio (S/N), higher energy throughput, greater accuracy of the frequency scale, and the capacity for versatile data manipulation, in competition with dispersive IR spectroscopy. Figure 6 shows FTIR of MCM-41, MLX, physical mixture and F2. With regards to the FTIR spectrum of MCM-41, the presence of a very broad band around 3480 cm–1 attributed to geminal and associated terminal silanol groups.51 A broad band at 1089 cm–1 and a band at 805 cm–1 related to the asymmetric and symmetric Si–O stretching vibrations.52 The bands at 965 cm–1 and 460 cm–1 were corresponding to the stretching and bending vibrations of surface Si–O groups, respectively.53 The FTIR spectrum of MLX showed its characteristic absorption bands at 3269 cm–1 for O–H or –NH stretching vibrations, 2920 cm–1 for –CONH group, 1620 cm–1 for C=N stretching vibrations, 1535 cm–1 for C–O stretching and 1178 cm–1 for S=O stretching vibration (Figure 6). In the case of the physical mixture, spectrum bands relative to both MCM-41 and MLX were observed indicating the lack of chemical interaction between MLX and MCM-41. The F2 spectrum showed an observable change in bands compared with MCM-41and MLX (Figure 6); (i) a broad band between 3250 cm–1 and 3260 cm–1 was observed instead of a sharp peak at 3269 cm–1 in case of MLX; (ii) the disappearance of band at 2920 cm–1 which specified for CONH group in case of pure MLX, and (iii) shifting of band 1089 cm–1 belonged to the asymmetric Si–O stretching vibrations in case of pure MCM-41 into 1075 cm–1. All the last changes suggested that the majority of the MCM-41 isolated terminal silanol groups in F2 interacted with MLX molecules.

  
    

    [image: Figure 6. FTIR spectra: of MCM-41, MLX, physical mixture]

  

  In vitro release studies

  The in vitro release studies were performed at two pH values: 1.2 and 6.8. These pH values were chosen to observe drug release profile in conditions that mimic the physiological pH of stomach and small intestine. In vitro release profiles and release results of MLX- MCM-41 formulations (F1, F2 and F3), free MLX and reference product (R) in 0.1 mol L–1 HCl (pH 1.2) and phosphate buffer (pH 6.8) are shown and reported in Figure 7 and Table 2, respectively. MLX solubility was strongly pH-dependent and it displayed low aqueous solubility at acidic pH values below and close to its pKa. The dissolution of all MLX­MCM-41 formulations, free MLX and R product was higher in phosphate buffer (pH 6.8) than in 0.1 mol L–1 HCl (pH 1.2) (Figure 7 and Table 2). This finding was supported by % drug released at 10 min (D10%) and t50% values reported in Table 2. The D10% values were ca. 22-37% and ca. 50-63% at pH 1.2 and 6.8, respectively (Table 2). This indicated the increased MLX amount released at pH 6.8. This could be attributed to the weak acidity of MLX (pKa values of 1.1 and 4.2),54 making it more soluble in alkaline media.

  
    

    [image: Figure 7. Effect of MCM 41 on the dissolution rate]

  

  
    

    [image: Table 2. In vitro release characteristics, cumulative and differential release]

  

  The term "enhanced dissolution" was typically referred to "enhanced release" with mesoporous carriers.55 Generally, the following four steps take place consecutively after immersing the drug loaded mesoporous materials in biological fluid:56 (i) absorption of aqueous medium into the mesoporous system driven by capillary forces; (ii) dissolution of drug molecules into the release medium inside the pores; (iii) diffusion of drug molecules out of the mesopores owing to concentration gradients; (iv) diffusion and convectional transport of drug molecules in the release medium.11 For all MCM-41-MLX formulations (F1, F2 and F3), one might suppose that the increase in the aqueous solubility of MLX at pH 6.8 facilitated the transfer of the molecules from the silica to the buffered solution. In addition to the well-defined porosity with large surface area and channel size of the MCM-41, materials that gave larger possibility of the fluid to penetrate inside the channels and dissolve MLX in the dissolution medium.56

  The study of drug release kinetics using the zero­order, first-order and Higuchi kinetics was performed (Table 2). By means of the linearization of release profiles the respective correlation coefficients (R) were obtained. The kinetic model which presented higher value of R was considered more appropriate. The release kinetics of all the tested formulations was best fitted to first-order kinetic or Higuchi's model. Although the k values couldn't be used for direct comparison of the profiles, its importance was related to the half-life of release (t50%) calculation.57 The t50% was of paramount importance because it established the time to promote the dissolution of 50% of the drug. The results indicated differentiated dissolution profiles for the analyzed products in the first 10 min. Therefore, the t50%, values listed in Table 2, demonstrated a good drug release performance for the tested formulations.

  The release profiles of MLX tested formulations in 0.1 mol L–1 HCl were best fitted to Higuchi's model except F1 and F2 were best fitted to first-order kinetics where the release rate was concentration dependent.30 Whereas, the release profiles of all MLX tested formulations in phosphate buffer (pH 6.8) were best fitted to first-order kinetics except free MLX was best fitted to Higuchi's model.

  Effect of MCM-41 on the dissolution rate of MLX in 0.1 mol L–1 HCl (pH 1.2) and phosphate buffer (pH 6.8) is shown in Figure 7. This rapid kinetic profile presented a great interest for pharmaceutical application in order to improve a rapid drug delivery of poorly water-soluble drugs. In both dissolution media, all inclusion products had better results than that shown by free MLX (Table 2) whereas, the fastest drug release was obtained from MCM-41-MLX (F1 and F2) (Table 2). Both F1 and F2 formulations provided the best MLX release and were best fitted to first-order kinetics in both dissolution media (Table 2). The dissolution profile similarity was calculated using a statistical similarity factor f2, as defined in the international guidelines.58 Comparison between F1 with F2 formulations suggested that F2 dissolution did not match F1. The results indicated that the values of the similarity factor f2 were 45.3% and 21.7% (< 50%) in 0.1 mol L–1 HCl (pH 1.2) and phosphate buffer (pH 6.8), respectively, signifying difference between the compared formulations. F2 showed the highest PH values (% released) and the lowest PT (min) values in both dissolution media. The PH values of F2 were 14.5% and 26.2% in pH 1.2 and 6.8, respectively (Table 1). The PT values were 2.3 and 2.0 min in pH 1.2 and 6.8, respectively (Table 2). Accordingly, F2 was selected for the in vivo study.

  Physical stability studies

  Humidity and temperature are two important factors responsible for product physical instability during normal storage conditions. Both of them may promote the organization of adsorbed MLX molecules in crystals.16 As such, the drug dissolution profiles might be modified in respect to the starting product with a consequent change in final drug bioavailability. For this reason, it was important to evaluate F2 stability both in presence of CaCl2 at room temperature and at high humidity (75%) in stressed temperature conditions (40 ºC). The physical stability, monitored by XRD, was conducted at predetermined intervals. XRD diffractograms demonstrated that F2 maintained its physical characteristics and no crystals formation was detected during the experimental procedure. This was probably due to occurrence of interactions between MCM-41 silanols and the drug molecules which stabilized the system, and to the fact that drug molecules are stored in a nanosized space preventing from re-crystallization.17

  In vivo study

  The therapeutic efficacy of MLX is strongly limited by its poor water solubility (0.012 mg mL–1).21 Apart from low aqueous solubility, MLX also has a high degree of enterohepatic circulation and long half-life.59 Thus, a formulation which permits a fast MLX release in its absorption window could be very useful. In order to achieve this aim, mesoporous MCM-41 was chosen as carrier to improve MLX dissolution rate in gastric conditions and consequently a better drug absorption. From the results of the preceding in vitro study, F2 and free MLX without any additives were selected for the in vivo study. Also, the marketed product of MLX (Mobic®) was considered for the in vivo study as R product.

  The non-compartmental PK parameters were calculated (Table 2) from the plasma concentration-time curve of each rabbit after administration of an oral dose of MLX (5 mg kg–1) from the three products (R, free MLX and F2). The average plasma concentration-time curves are shown in Figure 8. Moderate intersubject variability was encountered in plasma MLX concentrations as previously reported in rabbits.60 The results of this study were in a good agreement with the results of the other studies of MLX in rabbits; elimination rate constants, and half-lives, compared quite closely,60-62 which emphasizes the validity of the present results.

  
    

    [image: Figure 8. Mean MLX plasma concentration-time profiles]

  

  Administration of free MLX to rabbits resulted in an AUC0–α value of 11.9 µg h mL–1 and a Tmax of 4.3 h. When the same dose of MLX was introduced as R or formulated into MCM-41 (F2), the systemic exposure to MLX was raised significantly by ca. 4-fold as reflected in AUC0–α values of 46.9 and 45.5 µg h mL–1 for R and F2, respectively. In addition, Tmax decreased to 3.9 h in case of F2.

  It has been shown that MLX presented a two distinct double-peak profile after oral administration in case of R and F2. However, in case of rabbits receiving free MLX, their plasma profiles showed nearly a plateau in the time interval corresponding to the second peak. The first average plasma concentration peak (Cmax1) values were 6.1, 0.91 and 5.8 µg mL–1 observed at 4.3, 4.3 and 3.9 h (Tmax1) for R, free MLX and F2, respectively. The second average peak (Cmax2) values were 5.4 and 5.0 µg mL–1 observed at 6.6-6.5 h (Tmax2) for R and F2, respectively. These two distinct peaks could be due to the rapid release of MLX in case of F2 and R in comparison with free MLX. This was confirmed by the in vitro release results that indicated high initial release of MLX from F2 and R products compared with free MLX in both dissolution media (Table 2). Thus, F2 and R gave early high presentation of MLX to the main absorption site of drug absorption (the upper part of the small intestine), which could be responsible for the first peak in the plasma profiles of F2 and R compared with free MLX. The second peak was due to the subsequently released drug after bypassing the main absorption site and the enterohepatic cycling.63,64 As such, the second peak was of lower intensity compared with the first peak (Table 3). Cmax, peak plasma concentration; tmax, time to reach peak plasma concentration; AUC0-∞, area under the concentration-time curve from zero to infinity; AUC0-t, area under the concentration-time curve from zero to the last measurable plasma concentration; AUCt-∞, area under the concentration-time curve from the last measurable concentration to infinity; t1/2, elimination half-life; MRT, mean residence time clearance; and Vd/F, volume of distribution.
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  The GI absorption of MLX is dissolution rate limited (BCS class II). Thus the rate of drug absorption (represented by Tmax) from the tested products (R, free MLX and F2) reflected mainly the rate of drug dissolution (represented by t50%), which depended mainly on the formulation characteristics of the tested products. F2 showed the smallest rate of drug absorption (3.9 h) in comparison with R (4.3 h) (Table 3). In addition to the smallest MRT value (6.8 h) in comparison with R (7.5 h). These PK profiles of MLX in rabbits reflected the in vitro dissolution enhancement achieved when MCM-41 is used as a carrier for MLX. These findings were correlated with the in vitro results where the highest dissolution rate was achieved with F2 in comparison with R in the two dissolution media (Table 2). Concerning the extent of MLX absorption, the plasma levels of MLX obtained after oral dosing of F2 were similar to those obtained from R (Figure 8). Both R and F2 showed a comparable higher AUC compared with free MLX (Table 3). This finding was coincided with the results of AUCC from the in vitro results (Table 2). Accordingly, that the effect of MCM-41 was mainly on the rate not the extent of MLX absorption. This might be attributed to the effect of MCM-41 on the rate of drug dissolution. These results indicated the suitability of formulation procedure for preparation of MCM-41- MLX with significantly improved in vitro dissolution rate, and enhanced fast onset of therapeutic drug effect.

   

  Conclusions

  MCM-41 is a promising carrier to enhance the dissolution of poorly water soluble compounds such as MLX. In the present study, the biopharmaceutical performance of mesoporous silica material (MCM-41) as a carrier for the poorly water soluble drug MLX was investigated. MLX solubility was strongly pH-dependent and it displayed low aqueous solubility at acidic pH values below and close to its pKa. The effect of MCM-41 was mainly on the rate not the extent of MLX absorption. These results evidence that ordered mesoporous silica is a promising carrier to achieve enhanced oral bioavailability for drugs with extremely low water solubility.
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    Cancer is the major health problem affecting the mankind of today. Most of the drugs used in traditional chemotherapy are very limited and the discovery of novel, more active, more selective and less toxic ones is still very intensive. A chemometric approach was applied in the study of antiproliferative activity against human colon cancer and breast cancer as well as in the study of lipophilicity of 3-(4-substituted benzyl)-5-ethyl-5-phenyl- and 3-(4-substituted benzyl)-5,5-diphenylhydantoins. Hierarchical clustering analysis (HCA) shows that the investigated hydantoins have higher antiproliferative activity against human breast cancer cells than against human colon cancer cells. However, some hydantoins at the highest applied concentration reverse antiproliferative effect, higher against the human colon cancer cells and lower against human breast cancer cells. Principal component analysis (PCA) gives better insight into the activity of hydantoins related to their structural changes. It distinguishes more active compounds from the less active ones according to various criteria. Generally, more lipophilic 5,5-diphenylhydantoins exhibit a higher antiproliferative activity comparing to less lipophilic 5-ethyl-5-phenylhydantoins. Also, a substituent attached to benzyl moieties affects the activity additionally. The activity is particularly pronounced for compounds with cyano, methyl, chloro and bromo group. Halogen substituent were superior in antiproliferative capacity particularly in the series of 5,5-diphenylhydantoins.
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  Introduction

  The major health problem affecting the mankind of today is cancer. Several types of cancers have been identified that attack major organs such as lungs, brain, kidneys, colon, breasts and stomach. Regardless of major advances in many areas of modern medicine over the past 100 years, a successful treatment of cancer still remains a significant challenge. Most of the drugs used in traditional chemotherapy are very limited because the discovery of novel agents that can kill tumor cells selectively or inhibit their proliferation without general toxicity is very difficult. Hence, the search for new, more active, more selective and less toxic compounds is still very intense. One of the approaches is promotion of the structural diversity, which can be achieved by the attachment of pharmacophoric groups to the significant molecular scaffold. Such examples are di- and tri-substituted hydantoins, which have been widely used in biological screening resulting in numerous pharmaceutical applications.1-3 Until today, hydantoin derivatives (imidazolidine-2,4-dione) have been identified as anticonvulsants,4 antiarrhythmics,5 antimuscarinics,6 antidiabetics,7 and antitumor agents.8-11

  In this study, 15 newly synthesized hydantoins were investigated in order to better understand the structure-activity relationships of the new derivatives. Similarities and differences between the tested compounds were explored and visualized using two chemometric methods: principal component analysis (PCA) and hierarchical clustering analysis (HCA). Besides antiproliferative activity against cell lines MDA-MB-231 (human breast adenocarcinoma) and HCT-116 (human colon cancer), the compounds were chromatographically characterized. The partition retention parameters were determined, i.e., lipophilicity of the compounds. Lipophilicity is closely correlated with adsorption, distribution, metabolism and excretion (ADME).

   

  Experimental

  Investigated compounds and their antiproliferative activity

  The investigated hydantoin derivatives (Figure 1) were synthesized according to the procedure published earlier.12 The solutions of the investigated compounds were prepared by dissolving 0.02 g of each compound in 2 mL of ethanol.
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  The antiproliferative activity of the investigated compounds (Table 1) was taken from reference 12.

  
    

    [image: Table 1. Antiproliferative effects of the investigated compounds on two cell]

  

  Chromatographic lipophilicity data

  Chromatography was performed on 10 × 10 cm high-performance thin-layer chromatographic (HPTLC) plates of silica gel 60 RP-18 F254s (Merck, Darmstadt, Germany). Mobile phase used was acetonitrile-water (with increasing acetonitrile content from 55% to 75%, v/v); increments of 5% v/v. Acetonitrile (Acros organics, Geel, Belgium) of p.a. purity was used. Chromatograms were developed by the ascending technique at room temperature (22 ± 2 ºC) without previous saturation of the chamber (Camag, Muttenz, Switzerland) with mobile phase vapor. The developing distance was 4.5 cm. After development, the plates were dried at room temperature, and individual chromatographic zones were detected under UV illumination at 254 nm.

  The RM values were calculated according to Bate-Smith and Westall equation: RM = log ((1/RF) - 1),13 where RF is the retardation factor defined as the distance travelled by the centre of the spot divided by the distance simultaneously travelled by the mobile phase. The RF values were arithmetic mean of at least three measurements for each solute-stationary-mobile phase combination. The RM value of each compound was examined as a function of mobile phase composition:

  
    [image: Equation 1]

  

  In equation 1, f is the volume fraction of organic solvent in the mobile phase, RM0 is the intercept, and S is the slope of equation 1. RM0 describes the overall effect of the intermolecular interaction of the compound with the stationary and mobile phases. It is often used as a measure of lipophilicity.14-16 Values of RM0 for the investigated compounds are given in Table 1.

  Chemometric analysis

  HCA and PCA were carried out using MATLAB software, version 6.1.0.450.17 For HCA, the studied data were organized in data matrix X (15 × 12), where rows correspond to 15 studied compounds (hydantoins), whereas columns represent antiproliferative activity evaluated against human breast cancer MDA-MB-231 (activity I-VI) and human colon cancer HCT116 (activity VII-XII) cell lines, respectively. A slightly modified data matrix X1 (15 × 13) was used for PCA. The additional column in data matrix is for chromatographic lipophilicity parameters (XIII).

  A chemometric analysis of the studied compounds was performed for centred and standardized data Xc (15 × 12) and Xc1 (15 × 13).

   

  Results and Discussion

  The previous investigation shows that hydantoins 1-15 (see Figure 1 and Table 1) exhibit a considerable antiproliferative activity.12 The presence of different substituents on both hydantoin (substituent R1) and benzyl moieties (substituent R2) affects the antiproliferative activity. Activity is particularly pronounced for compounds 1, 10-12 and 14 (with R2 = cyano (CN), methyl (Me), chloro (Cl) and bromo (Br)).

  Understanding the relationship between the activity, structure and the physicochemical properties of the examined compound enables identification of potentially bioactive compounds. Thorough classification and comparison of various hydantoins on the basis of their activity is objectively possible only by application of appropriate chemometric methods. Interpretation and discussion of results presented by tables or/and graphics are extremely subjective. In order to avoid subjective analysis, we used the chemometric methods, PCA and HCA. Finally, since all active hydantoins are lipophilic, a further objective of our work was to determine their lipophilicity.

  Hierarchical clustering analysis

  Hierarchical clustering analysis (HCA) is a convenient method for studies of similarities (or dissimilarities) between objects in the variables space, or similarities (dissimilarities) between variables in the objects space.18-21 HCA is characterized by the similarity measure applied, and the way the resulting sub-clusters are merged (linked). Different clustering methods are available. Their choice depends on the data studied and the particular purpose of the method applied. In the present study, the Ward linkage method based on the Euclidean distance was used.22,23 The results of HCA presented as dendrograms, reveal data structure, i.e., the sub-groups of objects in the variables space or the sub-groups of variables in the objects space. The dendrogram presented in Figure 2a groups the hydantoins into four main clusters: (i) cluster A contains compounds 1, 10 and 14; (ii) cluster B is constituted by hydantions 2 and 15; (iii) cluster C is composed of hydantions 3, 9 and 11-13; (iv) cluster D contains hydantions 4-8.

  
    

    [image: Figure 2. Dendrogram of the studied (a) hydantoins in the space]

  

  The most active compounds are collected in cluster A, while the least active, mostly 5-ethyl-5-phenylhydantoins, in cluster D.

  In the main clusters, C and D, the following sub-structures can be distinguished: cluster C contains two subgroups: C1 (compounds 3, 11 and 13) and C2 (compounds 9 and 12) whereas cluster D is divided into two subgroups: D1 (compounds 4, 7 and 8) and D2 (compounds 5 and 6).

  The dendrogram constructed for the antiproliferative activity in the samples space (see Figure 2b) reveals three main classes: (i) Class A, containing the variables VIII-XII (antiproliferative activity against the human colon cancer cells HCT-116 at the concentration levels of 50, 10, 1, 0.1 and 0.01 µmol dm–3); (ii) Class B, constituted by variables I and VII (inhibition of proliferation at the concentration level of 100 µmol dm–3) and (iii) Class C, containing variables II-VI (inhibition of proliferation of human breast cancer cells MDA-MB-231 at the concentration levels of 50, 10, 1, 0.1 and 0.01 µmol dm–3).

  The classes in Figure 2b show that antiproliferative activity of the investigated compounds against MDA­MB-231 (human breast cancer) is superior to that against HCT-116 cell lines (human colon cancer). The highest concentration level of 100 µmol dm–3 is specific and differes from lower concentrations. This is due to the opposite activity effect of compounds 3-9 and 12, which exhibit higher antiproliferative activity against the human colon cancer cells HCT-116 compared to the inhibition of cells in MDA-MB-231. Figure 2a does not give any obvious classification of the investigated compounds. The color map is more informative, though. It complements the dendrogram of the studied antiproliferative activity in the hydantoins compounds space of the studied data sorted according to the Ward linkage method (see Figure 3).
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  Hydantoins 1, 10 and 14 belonging to cluster A exhibit the highest antiproliferative activity against human breast cancer cells MDA-MB-231 at the concentration of 100 µmol dm–3 (antiproliferative activity I).

  Hydantoins 2 and 15, collected in cluster B, stand out from the rest of the tested compounds due to the relatively high inhibition of proliferation of human breast cancer cells MDA-MB-231 at the concentration levels of 50 and 1 µmol dm–3 (antiproliferative activities II and IV). Moreover, compound 2 is characterized by the highest antiproliferative activities II and IV whereas compound 15 is additionally characterized by the highest antiproliferative activity V. Cluster C, containing hydantions 3, 9 and 11-13, is unique due to high antiproliferative activities I-IV and VII. Additionally, compound 11 is characterized by the lowest antiproliferative activity XII among all the studied compounds. Cluster D, which contains hydantions 4-8, is characterized by the highest antiproliferative activity VII (the highest concentration level of 100 µmol dm–3 applied to human colon cancer cell lines).

  To sum up, the dendrograms in Figure 2 reveal the data structure but do not enable interpretation of the relationships between the studied compounds and activity data. These limitations of the HCA were overcome by adding a color map of the studied data (see Figure 3) sorted according to the order of compounds and the order of antiproliferative activity observed on their respective dendrograms (as previously shown in Figure 2). Parallel interpretation of the dendrogram of antiproliferative activity and the color map of the data leads to conclusion that the highest antiproliferative activity of the investigated compounds is obtained at the concentration of 100 µmol dm–3 for both cell lines. At the concentrations below 100 µmol dm–3, antiproliferative activity against the human colon cancer cells is lower comparing to inhibition of proliferation of human breast cancer cells. The previous investigations show that the investigated compounds are non-toxic to normal rat peritoneal cells.12 Therefore, the pronounced antiproliferative activity against MDA-MB-231 indicates their significant anticancer potential in the treatment of breast cancer.

  Principal component analysis

  The principal components analysis, PCA, is one of the most popular methods used in reduction of data dimensionality.24-26 If the reduction of data dimensionality is effective, it enables data visualization and partial reduction of experimental error. PCA results in a decomposition of a data matrix X (m × n), into matrices S (m × k) and D (k × n), where k denotes the number of significant factors:

  
    [image: Equation 2]

  

  Matrix S is called a score matrix and, in the case of the data set concerned, it includes information on the studied compounds. Matrix D, also called a loading matrix, describes antiproliferative activity and chromatographic data of the investigated compounds. Columns of matrix S and rows of matrix D are called principal components (PCs) or eigenvectors and are constructed to maximize the description of the data variance. The way of construction of consecutive PCs is enforced by their ortogonality and their arrangement according to decreasing data variance they describe. Since the PCs provide information not only on the data structure but also on the experimental error, the optimal number of the principal components (k) needs to be selected, enabling effective data modeling and simultaneously, partial elimination of experimental error. Matrix E includes the part of data which are not modelled by the constructed model with k PCs. To determine the number of significant components (PCs) of the studied data organized in matrix Xc1 (15 × 13), the percent of modelled variance was used (Table 2).
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  The PCA model with six significant PCs, describes 93.11% of data variance (Table 2). Score plots and loading plots obtained as a result of this analysis are presented in Figure 4.
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  PC1 (describing 46.88% of the total data variance) reflects the difference between compound 12 and all the remaining compounds. The largest difference is observed between compound 12 and compounds 2 and 3 (see score plots, Figure 4a). Compound 12 differs from compounds 2 and 3 not only in activity but also in lipophilicity. Moreover, three groups of compounds can be distinguished along PC1. The first one collects the most active compounds 10, 11 and 14, the second contains samples 7-9, 13 and 15, and the third contains compounds 1-6 (all with the same R1 (Et)). Based on the loading plots (see Figure 4b), a conclusion may be drawn that compounds 7-9, 13 and 15, compounds 10, 11 and 14 and, in particular, compound 12 differ from the remaining samples by their relatively high antiproliferative activities.

  PC2, describing 17.00% of the total variance, shows the difference between sample 12 and samples 10 and 15. Based on the loading plots, these differences were attributed to relatively high antiproliferative activity of compounds 10 and 15 and low antiproliferative activity of compound 12 observed for the concentration of 0.01 µmol dm–3 for HCT­116 cells (parameter XII). Compound 12 has R2 of lower polarity (Me) than 10 and 15 (CN and NO2).

  PC3 describes 13.70% of the total variance and reflects the differences between compounds 7 and 11 and compound 10. The latter is unique mainly because of relatively high antiproliferative activity at the concentration of 100 µmol dm–3 for MDA-MB-231 cells (parameter I). Compounds 7 and 11 are characterized by relatively high antiproliferative activity obtained at concentrations of 1, 0.1 and 0.01 µmol dm–3 for MDA-MB-231 cells (parameters IV, V and VI, respectively). PC4 (describing 6.80% of data variance) displays the highest difference between compounds 13 and 14 and all the remaining samples. Compound 14 and in particular, compound 13 are unique due to a high value of RM0 (parameter XIII). PC5, describing 4.61% of the total variance, reveals the singularity of compounds 7 and 9. PC6, describing 4.12% of the total variance, shows the difference between compound 14 and all the remaining compounds. Compounds 7 and 9 are characterized by high antiproliferative activity observed at the concentration of 100 µmol dm–3 for HCT-116 cells (parameter VII). The differences between compound 14 and all the remaining compounds were attributed to high antiproliferative activity reported at the concentration of 100 µmol dm–3 for MDA­MB 231 cells (parameter I).

  Concerning the compounds with an alkyl group at the benzyl substituent, compound 11 with the methyl group shows better inhibition of MDAMB-231 cell proliferation at the lowest concentration compared to compound 13 with the tert-butyl group. Compounds with a halogen substituent as R2 (12 and 14) have a superior antiproliferative capacity to the other compounds in series of 5,5-diphenylhydantoins.

  The antiproliferative activity of 5,5-diphenylhydantoins 8 (R2 = OH), 9 (R2 = OCH3) and 12 (R2 = Cl) has previously been reported against the renal cancer cell lines A498 and UO-31 at the concentration of 10 µmol dm–3.27 A significant inhibition was observed; for example, maximal inhibition of 58.66% and 35.82% for A498 and UO-31, respectively, was achieved for compound 12. The replacement of the benzyl moiety with 2-oxo-2-(4-(piperidin-1-yl)phenyl)ethyl group results in the increase of antitumor activity to 68.14% and 53.43% against A498 and UO-31 cell, respectively. It is assumed that this derivative of hydantoin is located well in the biological target. Molecular docking studies in the same paper show the structural features essential for the antitumor activity of hydantoins. Those fetures are: the presence of two aromatic rings separated by an average distance, a hydrophobic moiety, and an H-bonding acceptor. All those features are present in the structure of the hydantoins examined in our study.

   

  Conclusions

  Most of the investigated compounds show superior antiproliferative activity against MDA-MB-231 to that against HCT-116 cell line. HCA differentiates the activity of hydantoins at high and low concentrations of the investigated compounds. Only in the highest investigated concentration (100 µmol dm–3) antiproliferatve activity is reverse for compounds 3-9 and 12.

  PCA makes it possible to distinguish active compounds at different concentration levels. PC4 is an exception because it differentiates two most lipophilic compounds: 13 and 14 (with R2 = tBu and Br) from all the remaining samples. In general, compounds from of 5,5-diphenylhydantoins (8-15) exhibit higher antiproliferative activity compared to 5-ethyl-5-phenylhydantoins (1-7). This might be attributed to the introduction of the additional phenyl group in position 5, which contributes to the formation of a strong lipophilic shield around the hydantoin moiety. Hence, the lipophilicity of the investigated compounds may be an indication for their activity. A substituent attached to benzyl moieties (substituent R2) has an additional impact on the activity. Hydantoins with the strong electron-donating and electron-withdrawing R2 groups, such as NO2, CN or OCH3, decrease lipophilicity. Conversely, the introduction of an alkyl or halogen substituent yields the highest values of lipophilicity. As expected, the replacement of one of the phenyl groups in position 5 with an ethyl group results in a decreased lipophilicity of 5-ethyl-5-phenylhydantoins (1-7) compared to the corresponding derivatives of 5,5-diphenylhydantoins (8-15). It might be concluded that the higher the lipophilicity of the compounds (11, 12, and 14), the higher the inhibition.
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    Methods based on multivariate calibration and diffuse reflectance infrared Fourier transform (DRIFT) and ultraviolet (UV) spectroscopies were developed for the simultaneous determination of two veterinary pharmaceutical drugs, pyrantel pamoate and praziquantel, in commercial tablets. The best UV model was obtained with the full spectra, 200-400 nm, and partial least squares (PLS). The best DRIFT model was optimized by selecting the most predictive spectral regions with synergy interval PLS, 3998-3636 cm-1, 3274-1824 cm-1 and 1100-735 cm-1. Both methods were validated according to Brazilian and international guidelines through the estimate of figures of merit, such as trueness, precision, linearity, analytical sensitivity, bias and residual prediction deviation (RPD). These methods were applied to the determination of the drugs in three different veterinary formulations commercialized in the Brazilian market and the results were compared with high performance liquid chromatography (HPLC). DRIFT was considered more suitable for the quality control of these formulations, because it is faster, does not use solvents and does not generate chemical waste.

    Keywords: DRIFT, multivariate calibration, quality control, PLS, ultraviolet spectroscopy

  

   

   

  Introduction

  Praziquantel (PZ) is an anthelmintic highly active against a wide range of cestodes and all species of schistosoma pathogenic to man.1 The most obvious and immediate modification that can be observed in schistosomes exposed to this drug, either in vitro or in vivo, causes a spatic paralysis of the worm musculature.2 Pyrantel pamoate (PP) is a cholinergic agonist that acts by inhibiting the neuromuscular transmissions of the parasite,3 and it is effective against infestations with Enterobius vermicularis, Ascaris lumbricoides, Ancylostoma duodenale, and Necator americanus, among others, in children and adults.4 Considering the limited effect of these drugs individually, combined formulations of anthelmintics with different mechanisms of action have been effectively used in veterinary practice to extend the spectrum of antiparasitic activity.5 These compounds are widely applied in veterinary treatments and formulations containing PZ or PP and are the most used in Brazil for preventing parasitic diseases in pets. However, PZ and PP also have applications in human therapy, since these diseases are transmissible to humans.3 The structures of these  two compounds are shown in Figure 1.
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  The literature has described several analytical methods for the determination of PP or PZ in pharmaceutical formulations based on techniques, such as voltammetry,6 high performance liquid chromatography (HPLC),7­9 nuclear magnetic resonance (NMR) spectroscopy,7 derivative ultraviolet (UV) spectrophotometry,10 titrimetry11 and liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS).12 Nevertheless, the simultaneous determination of PZ and PP has been carried out only in a few papers, primarily based on chromatographic techniques.8,9,12 Though well established, chromatographic methods are slow, of relative high cost and demand a large amount of pure solvents, also generating a lot of chemical waste. An alternative for direct and rapid determinations is the use of spectrophotometric methods. Spectral interferences are a substantial problem, often making the direct determination of some analytes almost impossible. This simultaneous quantification is a challenge for analysts when significant spectral overlapping of the analytes is presented. In recent years, chemometric tools have been employed jointly with UV-Visible,13-16 near (NIR)17-19 and mid infrared (MIR)20-23 spectroscopies in the development of methods for the direct and simultaneous determinations of active pharmaceutical ingredients (API) in several formulations. The most widely applied multivariate calibration method is the partial least squares (PLS).24 In this paper, synergy interval PLS (siPLS), a variant of PLS, was also employed. It divides the data set into a number of continuous wavelength intervals and combines two or more of them for providing the best predictive model.22

  Considering the increasing number of multivariate spectrophotometric methods developed for the quality control of API in formulations and the stringent requirements of the pharmaceutical industry, there is a need to change the official regulation, because the vast majority of the guidelines are based on univariate methods.25-27 Thus, an important issue raised in this work is the multivariate analytical validation, aiming at the harmonization between official guidelines and multivariate methods. Some important peculiarities of these methods are the absence of calibration curves (signal as a function of the API content) and the lack of requirement for total signal selectivity. Since multivariate methods are only useful in practice when there is signal overlapping, their selectivity has a different meaning from univariate methods, just indicating how much of the spectroscopic signal is used for building the model. Another important multivariate concept is the net analyte signal (NAS), which allows separating the specific information of the analyte from the interferences. Multivariate figures of merit (FOM), such as selectivity (SEL), sensitivity (SEN), limits of detection and quantification are estimated based on the NAS. A more thorough discussion on these topics can be found elsewhere.18,19,28,29

  The aim of this work is to develop and validate different approaches for the simultaneous quantification of PP and PZ in veterinary pharmaceutical formulations, based on ultraviolet and DRIFT diffuse reflectance spectroscopies. These methods will be compared based on the estimation of the multivariate FOM, such as linearity, trueness, precision, range, SEL, SEN, analytical sensitivity (γ), bias and residual prediction deviation (RPD).

   

  Experimental

  Reagents and samples

  Standards of PP and PZ were purchased from Sigma­Aldrich (St. Louis, USA) and stored protected from light. The analyzed excipients, microcrystalline cellulose was from DEG (> 99.0%, São Paulo, Brazil), corn starch was from Embrafarma (> 95.0%, São Paulo, Brazil), colloidal silicon dioxide was from Sigma-Aldrich (> 99.5%, St. Louis, USA), sodium lauryl sulphate was from Via Farma (> 90.0%, São Paulo, Brazil), butylated hydroxytoluene and talc were from Sigma-Aldrich (both > 99.0%, St. Louis, USA), were obtained from certified suppliers and used without further purification. Tablets were purchased from local pharmacies (Curitiba, Brazil). All the determined commercial veterinary formulations have the same composition of API, 145.0 mg of PP and 50.5 mg of PZ, and their contents of excipients are not publicly available. Acetonitrile and methanol were from J. T. Baker, (> 99.9%, Deventer, Netherlands) with HPLC grade. Deionized water was obtained with a Milli-Q system from Millipore (Bedford, USA).

  Apparatus and software

  DRIFT spectra were recorded in a Bruker Alpha Fourier transform infrared (FTIR) spectrophotometer (Bruker Bioscience, Germany), equipped with a diffuse reflectance accessory. The spectra were obtained in a room under control of temperature (20.0 ± 0.2 ºC) and humidity (45-55%) and the equipment was controlled by OPUS software for windows (version 6.0) from Brucker Optik (Bremen, Germany). UV spectra were recorded in an Agilent 8453 UV-Visible spectrophotometer (Agilent Technologies, Santa Clara, USA), with a 1.00 cm quartz cell. Data were treated using MATLAB software, version 7.13 (The Math-Works, Natick, USA), and PLS Toolbox, version 6.5 (Eigenvector Technologies, Manson, USA).

  Experimental designs

  For the DRIFT model, built with solid samples, twenty seven powder mixtures were prepared according to a central composite design with two factors, PZ and PP, and seven concentration levels (Figure 2a). The total mass of each mixture was fixed at 100.00 mg. The range of PZ and PP were varied from 5.64 to 17.00 mg per 100.00 mg and from 14.60 to 45.00 mg per 100.00 mg, respectively. The central point of this design corresponds to the nominal composition of the analyzed formulations (Reagents and samples section). Each mixture sample was completed to 100.00 mg with the addition of excipients according to other experimental design. This design consisted of two factors varying at certain ranges (not specified here for reasons of commercial interest). These two factors were a mixture of the two major excipient components, microcrystalline cellulose and corn starch, and a mixture of the others (colloidal silicon dioxide, sodium lauryl sulphate, butylated hydroxytoluene and talc). These designed mixtures of excipients were randomly mixed with the samples from the first design aiming at achieving a robust model.
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  For the UV model, fifty one solutions were prepared according to a full factorial design (Figure 2b) with two factors and seven levels (with triplicate of the central point). The range of PZ and PP were varied from 3.00 to 5.00 µg mL-1 and from 9.10 to 15.20 µg mL-1, respectively. The central point of this design corresponds to the appropriate dilution of the nominal composition of the analyzed formulations. A larger number of samples were used for building the UV model, because there was no addition of excipients, since all of them are filtrated during the sample preparation or do not absorb in the spectral range of interest. For both models the calibration set was built aiming at ensuring a representative and homogeneous distribution of the samples in the composition ranges, including the extreme points.

  Procedure

  DRIFT spectra

  The powder mixture samples were prepared by weighing the appropriate masses in an analytical balance (± 0.00001 g). In the sequence, they were manually homogenized and directly measured. The spectra were registered between 4000 and 400 cm-1, with 64 scans and a resolution of 4 cm-1. Replicates of samples from the central point were obtained for evaluating repeatability and intermediate precision. Twenty reflectance spectra of spectroscopic-grade KBr previously ground in agate mortar were also recorded for estimating the instrumental noise.

  Ultraviolet spectra

  Stock solutions of PZ and PP at concentrations of 1 mg mL-1 were prepared separately in a diluent solution of methanol and acetonitrile (50:50, v/v) and stored protected from light at 4 ºC. From these solutions, an intermediate solution of each standard was prepared at a concentration of 150 µg mL-1 in the same diluent solution. These intermediate standards were used to prepare mixtures of the standard solutions for the calibration and validation sets. The spectra were registered between 200 and 400 nm, with a spectral resolution of 0.5 nm. Twenty spectra of a blank solution were also recorded for estimating the instrumental noise.

  Analysis of commercial samples

  For each formulation, twenty tablets were pulverized using a mortar and pestle, and mixed into a homogeneous powder. In the DRIFT analysis, the diffuse reflectance spectra were acquired directly on the solid mixtures. For UV and HPLC analyses, a mass equivalent to one tablet was dissolved, sonicated in a Branson 2510 ultrasonic bath (Danbury, USA) at 130 W for 15 minutes and filtered through a Millipore Millex PVDF (Darmstadt, Germany). Then, the filtered solution was transferred to a volumetric flask containing a diluent solution of methanol and acetonitrile (50:50, v/v), according to the appropriate concentration of each technique.

  HPLC analysis

  Commercial samples were also analyzed by HPLC, based on a procedure adapted from the literature.8 This analysis was performed using an Agilent 1100 HPLC System (Wilmington, USA) composed of a G1311A quaternary pump, a G1379A degasser, a G1329A autosampler, a G1316A column oven and a G1315B diode array detector. An XBridge C18 150 × 4.6 mm (5 µm particle size) column coupled with an XBridge C18 20 × 4.6 mm (5 µm particle size) both from Waters Corporation (Milford, USA) guard column were employed. The mobile phase was composed of water (pH 3.5, adjusted with H3PO4) and acetonitrile in a gradient mode. The injection volume was 10 µL, the flow rate was 1.2 mL min-1, the detection was at 215 nm and the column temperature was 40 ºC. Each sample was analysed in triplicate and all the injections were repeated three times. Data acquisition was performed using ChemStation A.10.02 software.

   

  Results and Discussion

  PP and PZ spectra

  DRIFT spectra of PP and PZ standards are shown offset from the baseline in Figure 3. In order to interpret them, spectral assignments were carried out based on the relevant literature.30 For PP, the most distinctive assignments were a broad band with three peaks at 3067, 2969 and 2892 cm-1 (related to =C–H and –C–H stretching); a strong peak at 1659 cm-1 (aromatic carboxylic, C=O stretching); a peak at 1613 cm-1 (cyclic imine, C=N stretching); peaks at 1265, 1150 and 1047 cm-1 (all related to C–N stretchings); and a peak at 713 cm-1 (out-of-plane C–H bending of a tiophene ring).31 For PZ, the most relevant assignments were two small peaks at 3291 and 3234 cm-1 (first overtones of C=O stretching); two strong peaks at 2898 and 2839 cm-1 (stretching of C–H bound to tertiary amines in the lactam ring); a strong band between 1600 and 1700 cm-1, centered at 1666 cm-1 (C=O stretching of two amide carbonyl groups); a strong band centered around 1450 cm-1 (C–H bending of di-substituted amides); and a peak at 1301 cm-1 (C–N stretching).

  
    

    [image: Figure 3. DRIFT spectra of pure PZ and PP]

  

  UV spectra of pure solutions of PP (12.1 µg mL-1) and PZ (4.0 µg mL-1) in MeOH/ACN (50:50, v/v) are shown in Figure 4. PP presents a large and intense absorption band between 200 and 260 nm, with a maximum at 237 nm, while PZ exhibits absorption in the range between 200 and 233 nm. It is not possible determine simultaneously PP and PZ in their mixtures by univariate methods due to the observed spectral overlap. Thus, the use of multivariate calibration is required.
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  Multivariate calibration models

  DRIFT model

  Since DRIFT spectra were obtained from solid mixture samples, it is necessary to incorporate the excipient composition in these mixtures for building multivariate calibration models. Based on a specific knowledge of the most common excipients used in veterinary formulations and on biopharmaceutics classification system (BCS),32 two major (microcrystalline cellulose and corn starch) and four minor excipients (colloidal silicon dioxide, sodium lauryl sulphate, butylated hydroxytoluene and talc) were chosen. As described in Experimental designs section, an experimental design was employed for incorporating a range of the excipient composition to the samples, in order to obtain a more robust and representative model.

  DRIFT calibration models were developed in the PLS2 mode (both analytes are predicted simultaneously from the same set of loadings) and optimized for PZ and PP. The spectra of 27 samples were split in twenty for the calibration set and seven for the validation set (Figure 5a), according to an experimental design (Figure 2a). The validation samples were chosen in order to represent homogeneously the analytical ranges. Different preprocessing methods were tested for correcting baseline deviations typically observed in diffuse reflectance measurements of solids, due to the multiplicative light scattering. First derivative with smoothing, multiplicative scatter correction (MSC), standard normal variate (SNV) and vector normalization were tested,33 and the best model was obtained with first derivative followed by Savitsky­Golay smoothing (15 points and first order fit), MSC and mean centering. Leave-one-out cross-validation was used to select the number of latent variables (LV) in the best PLS model.

  
    

    [image: Figure 5. (a) DRIFT spectra of 27 samples of mixtures]

  

  Considering that the use of the full spectra may include non predictive wavenumber regions, the model was optimized by variable selection with siPLS. This is a method of continuous variable selection that searches for selecting the most informative spectral regions.22 siPLS is appropriate for variable selection in multivariate infrared methods, considering the continuous nature of these spectra and it is also more robust than the better known interval PLS (iPLS). In fact, the optimization of siPLS encompasses iPLS when models with only one subinterval are evaluated. In this article, it were tested models with the spectra divided in 8, 10, 20, 30, 40 and 50 intervals combined up to 6 subintervals. The best siPLS model was selected with a combination of six subintervals (from the spectra divided in 10 intervals), using 5 LV and accounting for 99.7% in the X block and 97.9% in the Y block. The root mean square errors of cross-validation (RMSECV) were decreased from PLS to siPLS model, going from 1.63 to 1.31 mg per 100.00 mg and from 1.13 to 0.81 mg per 100.00 mg for PP and PZ, respectively. Although F tests at 95% confidence level have indicated no significant differences between the RMSECV values (for PZ there is significant difference at 75% confidence level), siPLS models were considered better and adopted. Outlier detection based on high values of leverage, X and Y residuals at 95% confidence level19 was applied to the final model, but no outlier was detected. The wavenumber selected by siPLS were the intervals 3998­3636 cm-1, 3274-1824 cm-1, and 1100­735 cm-1. These spectral regions contain specific vibrations of PP and PZ, such as the peaks at 2898 and 2839 cm-1, assigned to stretching of C–H bound to a tertiary amine of PZ, and three characteristic peaks of PP at 3067, 2969 and 2892 cm-1, assigned to C–H stretching.

  Aiming at complementing the spectral interpretation of the developed model, the variable importance in projection (VIP) scores are shown in Figure 6. VIP scores measure the importance of each variable in the projection used by a particular PLS model.34 As can be observed, there is a reasonable agreement between the highest VIP scores values and the spectra of PP and PZ. This is a qualitative interpretation of the developed models that consistently indicates that the most important variables are related to the most characteristic vibration bands of the analytes. For PP (Figure 6a), one of the most important VIP scores is at 2969 cm-1, related to –C–H stretching, while for PZ (Figure 6b) the second highest peak is at 2839 cm-1, related to the C–H bound to a tertiary amine.
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  UV model

  As mentioned in Experimental designs section, there is no need to include excipients in the UV model, since all of them do not interfere, being retained during the filtration process or not absorbing in the spectral range of interest. This is an advantage of the UV model, since it is not necessary to know the quantitative excipient composition. However, UV model has the disadvantage of being destructive, requiring sample dissolution and extraction of the analytes.

  UV model was developed using PLS2 and the 51 sample spectra were split in 38 for the calibration set and 13 for the validation set (Figure 5b), according to a full factorial design (Figure 2b). The best model was obtained with only mean centering as preprocessing and variable selection by siPLS did not provide better models than using the full spectra. By using leave-one-out cross-validation, a model with 2 LV accounted for 99.9% in the X block and 99.8% in the Y block, and provided RMSECV of 0.06 and 0.07 µg mL-1 for PP and PZ, respectively. No outlier was detected based on leverage and X and Y residuals. The VIP scores for this model are shown in Figure 7, in which it is possible to note the close agreement between them and the spectral profiles of PP and PZ.
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  Multivariate analytical validation

  DRIFT model

  The estimated FOM used to validate the developed DRIFT model are summarized in Table 1. The parameters commonly used to evaluate trueness of multivariate models are the root mean square errors of calibration (RMSEC) and prediction (RMSEP), which were estimated at 0.35 and 0.65 mg per 100.00 mg for PP, and 0.17 and 0.43 mg per 100.00 mg for PZ, respectively. The trueness is also evaluated through the individual relative errors of prediction, which were all in the range of ± 5%, with mean values of 1.01% for PP and 1.42% for PZ. Precision was evaluated at the levels of repeatability (the same operating conditions) and intermediate precision (two different analysts in two days) by estimating the relative standard deviation (RSD) for six replicates of one sample (central point). All RSD were below 5%, as prescribed by the Brazilian guidelines.25 These results of trueness and precision corroborate the accuracy of this method.
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  The model fit was evaluated by plotting the reference versus predicted values (Figures 8a and 8b). The linearity was represented by the residuals of these fits, which presented random behaviors and whose regression parameters are shown in Table 1. The correlation coefficients (r) were 0.996 for PP and 0.999 for PZ, all above the minimum acceptable value of 0.99, prescribed by the Brazilian guidelines.25 Considering the linearity and the accuracy of the method, its analytical ranges were found to be 14.60-45.00 mg per 100.00 mg for PP, and 5.60-17.00 mg per 100.00 mg for PZ.
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  The SEL of the method was estimated as 23.6% for PP and 16.8% for PZ, indicating how much of the analytical signal from each analyte was used for building the models. Considering that the SEN is dependent on the analytical technique and thus not appropriate for comparison between methods, the analytical sensitivity (γ) was estimated as the ratio between SEN and instrumental noise (ε = 0.0023). This last value was calculated as the pooled standard deviation of twenty replicated spectra of the blank (spectroscopic-grade KBr powder). The inverse of γ, 0.007 mg per 100.00 mg for PP and 0.01 mg per 100.00 mg for PZ, are the minimum concentration differences that the method were able to discriminate, considering the random instrumental noise as the only source of errors. These values also define the number of significant digits used to express the results. The bias was estimated only for the validation samples, according to ASTM.35 Jointly with the standard deviation of the validation (SDV) samples, these values were used in two t-tests with seven degrees of freedom and at 95% of confidence level, allowing concluding for the absence of bias in this model. RPD36 is a FOM originally proposed for multivariate NIRS models for comparing trueness in absolute terms, independent on the analytical range. It is estimated dividing the standard deviations of the calibration and validation sets by the RMSECV and RMSEP, respectively. For the DRIFT model, RPD between 4.5 and 8.5 were obtained, indicating its good quality, since values above 2.4 were considered satisfactory and the higher the better.

  UV model

  The estimated FOM for the UV model were also shown in Table 1. RMSEC and RMSEP were 0.05 µg mL-1 and 0.07 µg mL-1 for PP, and 0.07 µg mL-1 and 0.08 µg mL-1 for PZ, respectively. The relative errors of prediction were all in the range of ± 5%, with mean values of 0.52% for PP and 1.41% for PZ. RSD for repeatability and intermediate precision were of a maximum of 0.63%. The plots of reference versus predicted values for PP and PZ are shown in Figures 8c and 8d, without no systematic behavior in the residuals and with r of 0.999 for PP and 0.992 for PZ. All the results of trueness, precision and linearity were satisfactory and in accordance with the Brazilian guidelines.25 Thus, the analytical ranges of the method were defined as 9.10­15.20 µg mL-1 and 3.00­5.00 µg mL-1 for PP and PZ, respectively. The SEL of was 82.3% for PP and 24.3% for PZ. The higher SEL for PP is related to the higher absorption of this analyte (Figure 4). The instrumental noise was estimated as 0.0056, from the pooled standard deviation of spectra of a blank solution. The inverse of γ was 0.0004 µg mL-1 for PP and 0.002 µg mL-1 for PP. However, the use of only two decimal places for expressing the results was considered more realistic and adopted. The bias for both the analytes were also considered not significant at 95% confidence level. Finally, RPD between 6.9 and 39.6 indicated the high quality of the models. These RPD values were better than the ones estimated for the DRIFT method, but this better prediction ability were obtained at the cost of a more laborious and destructive procedure.

  Analysis of commercial samples

  The best multivariate models for DRIFT and UV were applied to the simultaneous determination of PP and PZ in commercial samples, three different brands of tablets. These results (Table 2) were compared with HPLC and indicated a good agreement between multivariate and chromatographic methods. According to non-paired t-test, for twelve comparisons (HPLC versus UV or HPLC versus DRIFT for both analytes in three different samples), eleven results presented no significant differences at 95% confidence level. The only exception was between the result of HPLC versus DRIFT for PP in commercial brand #1.

  
    

    [image: Table 2. Mean values and standard deviations]

  

   

  Conclusions

  Two spectrophotometric methods using multivariate calibration were developed for the simultaneous determination of praziquantel and pyrantel pamoate in veterinary pharmaceutical formulations. The first method was based on diffuse reflectance DRIFT spectroscopy and its predictive performance was improved by selecting the most selective spectral regions with siPLS. The second method, based on UV spectroscopy, was not improved by variable selection and the best model was obtained with PLS using the full spectra. Both methods were validated through the estimate of FOM, such as trueness, precision, linearity, analytical sensitivity, bias and RPD. Their validation performances were similar in relation to almost all the FOM, with the exception of RPD, for which the UV method was superior. These methods were also used for the determination of both the analytes in three different commercial formulations and these results were verified by HPLC. In comparison with HPLC, both the spectroscopic methods are less expensive, simpler, more rapid and suitable for routine quality-control in industries and handling pharmacies. Considering that the most of the veterinary antiparasitic formulations are commercialized in tablets, we concluded that the DRIFT method is the most advantageous for this quality control. Since there is no need to dissolve the samples, this method does not use reagents or solvents and does not generate 
    chemical waste.
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  Introduction

  Multicomponent reactions (MCRs) are valuable synthetic tool to prepare diverse and complex molecular structures from simple building blocks and offer high efficiency and atom economy.1 Among them, the Passerini reaction is classified as an isocyanide multicomponent reaction (IMCR), and deals with the condensation of an isocyanide, an aldehyde and a carboxylic acid.2,3 Subsequently, several optimizations have been performed to improve the yield, the ecological impact, and the reaction times of the Passerini reaction. These processes have been described in aqueous solution,4 ionic liquids,5,6 solventfree,7-9 under microwave irradiation,10 and in the presence of molecular sieves as drying agents.11 Despite the efficiency of the reported protocols, some of them suffer from drawbacks such as harsh reaction conditions, excessive use of reactants, use of expensive catalyst and hard separation. Thus, the development of a new and simple methodology for the synthesis of α-acyloxy amides via Passerini reaction has become an interesting challenge.

  Along with other reaction parameters, the nature of the catalyst plays a significant role in determining yield, selectivity and general applicability. Solid catalysts are generally preferable in catalysis related to their easy separation, recyclability, high thermal stability and low pollution effects.12 The surface modification of silica with homogenous catalysts is an excellent method for development of heterogeneous reusable catalysts for organic reactions.13-15 Silica nanoparticles have enormously large and highly reactive surface area and therefore are a good option to use as support for immobilization of organic materials.16 

  On the other hand, 4-thiazolidinones are important scaffolds because of their biological properties including antitubercular,17 anticancer,18,19 anticonvulsant,20 antifungal,21 antibacterial,21 and hypnotic activities.22 Thus, in continuation of our investigations on the synthesis of biological compounds23,24 and the use of heterogeneous catalysts for chemical preparation,25,26 we herein disclose a Passerini reaction for the synthesis of rhodanine-based amides in good yields by the condensation of rhodanineN-acetic acid with aromatic aldehydes and tert-butyl isocyanide in the presence of tetramethylguanidinefunctionalized silica nanoparticles (TMG-SiO2 NPs) as a heterogeneous basic catalyst. The synthesized α-acyloxy amides were also screened for their antibacterial activity by the disc diffusion method.

   

  Experimental

  General information

  All chemicals and reagents were purchased from Merck or Aldrich, and used without purification. Nano silica-supported tetramethylguanidine solid base catalyst was synthesized according to reported procedure in the literature.15 Melting points were measured on an Electrothermal 9100 apparatus. 1H and 13C NMR spectra were recorded on a Bruker DRX-400 AVANCE spectrometer at 400.13 and 100.61 MHz, respectively. Chemical shifts are given in parts per million (d) relative to internal tetramethylsilane standard, and coupling constants (J) are reported in hertz (Hz). IR spectra were recorded on a Bruker Tensor 27 spectrometer. Mass spectra were determined on a Finnigan-Matt 8430 mass spectrometer operating at an ionization potential of 70 eV. Elemental analyses were carried on a Perkin-Elmer 2400II CHNS/O Elemental Analyzer. Thermogravimetric analysis (TGA) was recorded on a Stanton Redcraft STA-780. X-ray powder diffraction (XRD) patterns were recorded by an X-ray diffractometer (XRD, GBC MMA Instrument) with Be-filtered Cu Kα radiation (λ 1.54 Å). Field emission scanning electron microscopy (FE-SEM) images were obtained on a Hitachi S-1460 field emission scanning electron microscope using an ACC voltage of 15 kV.

  General procedure for the synthesis of rhodanine-based amides

  A mixture of rhodanine-N-acetic acid (1.0 mmol), aldehydes (2.0 mmol), tert-butyl isocyanide (1.0 mmol) and TMG-SiO2 NPs (0.20 g, 10 mol%) in tetrahydrofuran (10.0 mL) was stirred at 70 ºC. Upon compilation, monitored by TLC, the catalyst was filtered from hot reaction mixture and washed with acetone. The filtrate was evaporated under vacuum to afford the product precipitates, which was purified by recrystallization in methanol. It was found that the recovered catalyst could be used directly for five cycles without noticeable drop in the catalytic activity. The structure of products 4a-4j was determined on the basis of their elemental analysis, 1H NMR, 13C NMR, IR and mass spectra.

  Physical and spectral data for the synthesized compounds (4a-4j)

  2-(Ter t -butylamino)-2-oxo-1-phenylethyl[(5Z )-5-benzylidene-4-oxo-2-thioxo-1,3-thiazolidin-3-yl]acetate (4a)

  Yellow powder; mp: 154-156 ºC; yield: (0.32 g, 70%); IR (KBr) ν / cm-1 3373 (NH), 2926 (Csp3_H), 1755, 1701 and 1661 (C=O), 1598 (C=C), 1208 (Csp2_O and C=S); 1H NMR (400 MHz, CDCl3) δ 1.39 (s, 9H, CMe3), 4.98 and 5.02 (2d, 2H, J 16.8, AB-system, CH2), 6.02 (br s, 1H, NH), 6.05 (s, 1H, CH), 7.36-7.40 (m, 5H, 5Ar-H), 7.51-7.55 (m, 5H, 5Ar-H), 7.83 (s, 1H, CH vinylic); 13C NMR (100 MHz, CDCl3) δ 28.7 (CMe3), 45.0 (N–CH2), 51.4 (CMe3), 77.0 (CH), 122.3, 127.3, 128.7, 129.5, 130.0, 130.2, 130.8, 131.2, 133.0, 134.7, 166.4 (C=O), 166.5 (C=O), 167.0 (C=O), 192.9 (C=S); MS (EI, 70 eV) m/z: 468.1 (M+); anal. calcd. for C24H24N2O4S2 (468.59): C, 61.52; H, 5.16; N, 5.98; S,  13.69%; found: C, 61.58; H, 5.09; N, 6.05; S, 13.62%.

  2-(Tert-butylamino)-1-(4-chlorophenyl)-2-oxoethyl[(5Z)-5-(4-chlorobenzylidene)-4-oxo-2-thioxo-1,3-thiazolidin-3-yl] acetate (4b)

  Yellow powder; mp: 180-182 ºC; yield: (0.42 g, 80%); IR (KBr) ν / cm-1 3307 (NH), 2969 (Csp3_H), 1756, 1731 and 1658 (C=O), 1601 (C=C), 1189 (Csp2_O and C=S); 1H NMR (400 MHz, CDCl3) δ 1.38 (s, 9H, CMe3), 4.98 and 5.01 (2d, 2H, J 16.8, AB-system, CH2), 6.00 (s, 1H, CH), 6.01 (br s, 1H, NH), 7.31-7.37 (m, 4H, 4Ar-H), 7.47 (d, 2H, J 8.8, 2Ar-H), 7.51 (d, 2H, J 8.8, 2Ar-H), 7.76 (s, 1H, CH vinylic); 13C NMR (100 MHz, CDCl3) δ 28.6 (CMe3), 44.9 (N-CH2), 51.9 (CMe3), 76.2 (CH), 122.7, 128.6, 129.0, 129.9, 131.4, 131.8, 133.2, 133.4, 135.1, 137.6, 164.2 (C=O), 166.0 (C=O), 166.8 (C=O), 192.3 (C=S); MS (EI, 70 eV) m/z: 537.0 (M+); anal. calcd. for C24H22Cl2N2O4S2 (537.48): C, 53.63; H, 4.13; N, 5.21; S, 11.93%; found: C, 53.69; H, 4.18; N, 5.17; S, 11.87%.

  2-(Tert-butylamino)-1-(4-bromophenyl)-2-oxoethyl [(5Z)-5-(4-bromobenzylidene)-4-oxo-2-thioxo-1,3-thiazolidin-3-yl] acetate (4c)

  Yellow powder; mp: 188-190 ºC; yield: (0.42 g, 68%); IR (KBr) ν / cm-1 3296 (NH), 2926 (Csp3_H), 1748, 1722 and 1658 (3C=O), 1603 (C=C), 1202 (Csp2_O and C=S); 1H NMR (400 MHz, CDCl3) δ 1.38 (s, 9H, CMe3), 4.97 and 5.02 (2d, 2H, J 16.8, AB-system, CH2), 5.98 (s, 1H, CH), 6.00 (br s, 1H, NH), 7.27 (d, 2H, J 8.4, 2Ar-H), 7.39 (d, 2H, J 8.4, 2Ar-H), 7.51 (d, 2H, J 6.8, 2Ar-H), 7.67 (d, 2H, J 6.8, 2Ar-H), 7.74 (s, 1H, CH vinylic); 13C NMR (100 MHz, CDCl3) δ 28.6 (CMe3), 44.9 (N-CH2), 51.9 (CMe3), 76.2 (CH), 122.9, 128.9, 129.7, 130.0, 130.2, 131.8, 131.9, 132.8, 133.2, 133.9, 164.2 (C=O), 165.9 (C=O), 166.8 (C=O), 192.2 (C=S); MS (EI, 70 eV) m/z: 626.3 (M+); anal. calcd. for C24H22Br2N2O4S2(626.38): C, 46.02; H, 3.54; N, 4.47; S, 10.24%; found: C, 46.11; H, 3.48; N, 4.39; S, 10.32%.

  2-(Tert-butylamino)-1-(4-fluorophenyl)-2-oxoethyl[(5Z)-5-(4-fluorobenzylidene)-4-oxo-2-thioxo-1,3-thiazolidin-3-yl] acetate (4d)

  Yellow powder; mp: 162-164 ºC; yield (0.41 g, 82%); IR (KBr) ν / cm-1 3304 (NH), 2926 (Csp3_H), 1758, 1703 and 1661 (C=O), 1596 (C=C), 1192 (Csp2_O and C=S); 1H NMR (400 MHz, CDCl3) δ 1.39 (s, 9H, CMe3), 4.96 and 5.02 (2d, 2H, J 16.8, AB-system, CH2), 6.02 (s, 2H, CH and NH), 7.04-7.09 (m, 2H, 2Ar-H), 7.20-7.25 (m, 2H, 2Ar-H), 7.36-7.39 (m, 2H, 2Ar-H), 7.53-7.57 (m, 2H, 2Ar-H), 7.79 (s, 1H, CH vinylic); 13C NMR (100 MHz, CDCl3) δ 28.6 (CMe3), 44.9 (N-CH2), 51.9 (CMe3), 76.2 (CH), 115.8 (d, J 21.5, CHAr), 116.9 (d, J 22.0, CHAr), 121.8, 129.3 (d, J 8.3, CHAr), 130.9 (d, J 3.4, CAr), 132.9 (d, J 8.8, CHAr), 133.4, 163.1 (d, J 248.8, CF), 164.1 (d, J 254.0, CF), 164.3 (C=O), 166.3 (C=O), 166.9 (C=O), 192.5 (C=S); MS (EI, 70 eV) m/z: 504.1 (M+); anal. calcd. for C24H22F2N2O4S2 (504.57): C, 57.13; H, 4.39; N, 5.55; S, 12.71%; found: C, 57.21; H, 4.31; N, 5.47; S, 12.68%.

  2-(Tert-butylamino)-1-(4-nitrophenyl)-2-oxoethyl [(5Z)-5-(4-nitrobenzylidene)-4-oxo-2-thioxo-1,3-thiazolidin-3-yl] acetate (4e)

  Yellow powder; mp: 188-190 ºC; yield: (0.47 g, 85%); IR (KBr) ν / cm-1 3385 (NH), 2926 (Csp3_H), 1758, 1725 and 1699 (C=O), 1607 (C=C), 1519 and 1344 (NO2), 1201(Csp2_O and C=S); 1H NMR (400 MHz, CDCl3) δ 1.39 (s, 9H, CMe3), 5.05 and 5.07 (2d, 2H, J 16.8, AB-system, CH2), 6.05 (br s, 1H, NH), 6.12 (s, 1H, CH), 7.61 (d, 2H, J 8.4, 2Ar-H), 7.70 (d, 2H, J 8.8, 2Ar-H), 7.84 (s, 1H, CH vinylic), 8.25 (d, 2H, J 7.0, 2Ar-H), 8.38 (d, 2H, J 7.2, 2Ar-H); 13C NMR (100 MHz, CDCl3) δ 28.6 (CMe3), 44.9 (N-CH2), 52.2 (CMe3), 75.8 (CH), 123.9, 124.6, 126.6, 128.0, 131.1, 131.2, 138.7, 141.6, 148.2, 148.4, 164.0 (C=O), 165.1 (C=O), 166.5 (C=O), 191.5 (C=S); MS (EI, 70 eV) m/z: 559.0 (M+ + 1); anal. calcd. for C24H22N4O8S2 (558.58): C, 51.60; H, 3.97; N, 10.03; S, 11.48%; found: C, 51.68; H, 3.91; N, 10.11; S, 11.53%.

  2-(Tert-butylamino)-1-(4-methylphenyl)-2-oxoethyl [(5Z)-5-(4-methylbenzylidene)-4-oxo-2-thioxo-1,3-thiazolidin-3-yl] acetate (4f)

  Yellow powder; mp: 207-209 ºC; yield: (0.33 g, 67%); IR (KBr) ν / cm-1 3417 (NH), 2926 (Csp3_H), 1757, 1699 (C=O), 1593 (C=C), 1198 (Csp2_O and C=S); 1H NMR (400 MHz, CDCl3) δ 1.39 (s, 9H, CMe3), 2.35 and 2.45 (2s, 6H, 2CH3), 4.95 and 5.01 (2d, 2H, J 16.8, AB-system, CH2), 6.01 (s, 2H, CH and NH), 7.17 (d, 2H, J 8.0, 2Ar-H), 7.27 (d, 2H, J 8.0, 2Ar-H), 7.33 (d, 2H, J 8.0, 2Ar-H), 7.44 (d, 2H, J 8.4, 2Ar-H), 7.80 (s, 1H, CH vinylic); 13C NMR (100 MHz, CDCl3) δ 21.2 and 21.7 (2CH3), 28.7 (CMe3), 45.0 (N-CH2), 51.7 (CMe3), 76.9 (CH), 127.3, 129.4, 130.2, 130.3, 130.9, 132.0, 134.9, 139.0, 164.4 (C=O), 166.7 (C=O), 167.1(C=O), 193 (C=S); MS (EI, 70 eV) m/z: 497.2 (M+ + 1); anal. calcd. for C26H28N2O4S2(496.64): C, 62.88; H, 5.68; N, 5.64; S, 12.91%; found: C, 62.79; H, 5.72; N, 5.69; S, 12.84%.

  2-(Tert-butylamino)-1-(2-chlorophenyl)-2-oxoethyl [(5Z)-5-(2-chlorobenzylidene)-4-oxo-2-thioxo-1,3-thiazolidin-3-yl] acetate (4g)

  Yellow powder; mp: 148-150 ºC; yield: (0.42 g, 78%); IR (KBr) ν / cm-1 3397 (NH), 2925 (Csp3_H), 1739 and 1688 (C=O), 1599 (C=C), 1199 (Csp2_O and C=S); 1H NMR (400 MHz, CDCl3) δ 1.41 (s, 9H, CMe3), 4.98 and 5.02 (2d, 2H, J 16.8, AB-system, CH2), 6.11 (br s, 1H, NH), 6.38 (s, 1H, CH), 7.30-7.33 (m, 2H, 2Ar-H), 7.40-7.46 (m, 4H, 4Ar-H), 7.51-7.55 (m, 2H, 2Ar-H), 8.18 (s, 1H, CH vinylic); 13C NMR (100 MHz, CDCl3) δ 28.6 (CMe3), 44.8 (N-CH2), 52.0 (CMe3), 74.3 (CH), 125.3, 127.2, 127.5, 129.3, 130.0, 130.1, 130.4, 130.5, 130.7, 131.5, 131.9, 133.0, 133.9, 136.4, 164.4 (C=O), 165.6 (C=O), 166.5 (C=O), 192.6 (C=S); MS (EI, 70 eV) m/z: 537.1 (M+); anal. calcd. for C24H22Cl2N2O4S2(537.48): C, 53.63; H, 4.13; N, 5.21; S, 11.93%; found: C, 53.58; H, 4.19; N, 5.26; S, 11.89%.

  2-(Tert-butylamino)-1-(2-nitrophenyl)-2-oxoethyl [(5Z)-5-(2-nitrobenzylidene)-4-oxo-2-thioxo-1,3-thiazolidin-3-yl] acetate (4h)

  Yellow powder; mp: 150-152 ºC; yield: (0.45 g, 81%); IR (KBr) ν / cm-1 3405 (NH), 2968 (Csp3_H), 1725 (C=O), 1607 (C=C), 1529 and 1340 (NO2), 1215 (Csp2_O and C=S); 1H NMR (400 MHz, CDCl3) δ 1.39 (s, 9H, CMe3), 4.99 and 5.02 (2d, 2H, J 16.8, AB-system, CH2), 6.22 (br s, 1H, NH), 6.61 (s, 1H, CH), 7.53-7.57 (m, 1H, Ar-H), 7.65-7.70 (m, 4H, 4Ar-H), 7.79 (t, 1H, J 6.8, Ar-H), 8.05 (d, 1H, J 8.4, Ar-H), 8.19 (s, 1H, CH vinylic), 8.23 (d, 1H, J 7.8 Hz, Ar-H); 13C NMR (100 MHz, CDCl3) δ 28.6 (CMe3), 44.8 (N-CH2), 52.1 (CMe3), 73.3 (CH), 125.2, 125.8, 127.7, 129.2, 129.5, 129.9, 130.0, 130.3, 130.7, 131.2, 133.7, 134.2, 147.8, 148.0, 164.6 (C=O), 164.9 (C=O), 165.8 (C=O), 192.5 (C=S); MS (EI, 70 eV) m/z: 558.0 (M+); anal. calcd. for C24H22N4O8S2(558.58): C, 51.60; H, 3.97; N, 10.03; S, 11.48%; found: C, 51.54; H, 3.92; N, 10.10; S, 11.55%.

  2-(Tert-butylamino)- 1-(3-chlorophenyl)-2-oxoethyl [(5Z)-5-(3-chlorobenzylidene)-4-oxo-2-thioxo-1,3-thiazolidin-3-yl] acetate (4i)

  Yellow powder; mp: 136-138 ºC; yield: (0.40 g, 74%); IR (KBr) ν / cm-1 3274 (NH), 2926 (Csp3_H), 1747, 1718 and 1658 (C=O), 1604 (C=C), 1197 (Csp2 _O and C=S); 1H NMR (400 MHz, CDCl3) δ1.38 (s, 9H, CMe3), 4.98 and 5.04 (2d, 2H, J 16.8, AB-system, CH2), 5.99 (s, 1H, CH), 6.03 (br s, 1H, NH), 7.28-7.36 (m, 4H, 4Ar-H), 7.40-7.51 (m, 4H, 4Ar-H), 7.74 (s, 1H, CH vinylic); 13C NMR (100 MHz, CDCl3) δ 28.6 (CMe3), 44.9 (N-CH2), 51.9 (CMe3), 76.1 (CH), 123.8, 125.5, 127.1, 128.5, 129.2, 129.7, 130.0, 130.4, 130.7, 131.1, 132.8, 134.7, 135.6, 136.8, 164.1 (C=O), 165.8 (C=O), 166.8 (C=O), 192.3 (C=S); MS (EI, 70 eV) m/z: 537.1 (M+); anal. calcd. for C24H22Cl2N2O4S2 (537.48): C, 53.63; H, 4.13; N, 5.21; S, 11.93%; found: C, 53.67; H, 4.19; N, 5.15; S, 11.89%.

  2-(Tert-butylamino)-1-(3-bromophenyl)-2-oxoethyl [(5Z)-5-(3-bromobenzylidene)-4-oxo-2-thioxo-1,3-thiazolidin-3-yl] acetate (4j)

  Yellow powder; mp: 140-142 ºC; yield: (0.44 g, 71%); IR (KBr) ν / cm-1 3285 (NH), 2926 (Csp3_H), 1750, 1714 and 1655 (C=O), 1601 (C=C), 1191 (Csp2_O), 1210 (C=S); 1H NMR (400 MHz, CDCl3) δ 1.39 (s, 9H, CMe3), 4.99 and 5.05 (2d, 2H, J 16.8, AB-system, CH2), 5.98 (s, 1H, CH), 6.01 (br s, 1H, NH), 7.25 (t, 1H, J8.0 Hz, Ar-H), 7.35 (br d, 1H, J 7.6, Ar-H), 7.40 (t, 1H, J8.0, Ar-H), 7.46-7.51 (m, 3H, 3Ar-H), 7.61-7.64 (m, 1H, Ar-H), 7.68 (t, 1H, J 1.6, Ar-H), 7.74 (s, 1H, CH vinylic); 13C NMR (100 MHz, CDCl3) δ 28.6 (CMe3), 44.9 (N-CH2), 52.0 (CMe3), 76.0 (CH), 122.7, 126.0, 128.9, 129.7, 129.9, 130.0, 130.3, 130.9, 132.1, 132.8, 133.4, 134.0, 134.9, 137.0, 164.1(C=O), 165.8 (C=O), 166.7 (C=O), 192.3 (C=S); MS (EI, 70 eV) m/z: 626.9 (M+); anal. calcd. for C24H22Br2N2O4S2(626.38):  C, 46.02; H, 3.54; N, 4.47; S, 10.24%; found: C, 46.08; H, 3.59; N, 4.41; S, 10.29%.

  Antibacterial activity assay

  The antibacterial activity of the synthesized compounds was assayed using Kirby–Bauer disk diffusion method where a filter disc was impregnated with the compounds and placed on the surface of inoculated agar plates.24,27 The compounds 4a-4j were dissolved into dimethyl sulfoxide (DMSO) to achieve 20 mg mL-1 solution, then filter sterilized using a 0.22 µm Ministart (Sartorius). The antibacterial activity of the compounds was investigated against four bacterial species. Test organisms included Escherichi coli PTCC 1330, Pseudomonas aeruginosa PTCC 1074, Staphylococcus aureus ATCC 35923 and Bacillus subtilis PTCC 1023. Late exponential phase of the bacteria were prepared by inoculating 1% (v/v) of the cultures into the fresh Muller-Hinton broth (Merck) and incubating on an orbital shaker at 37 ºC and 100 rpm overnight. Before using the cultures, they were standardized with a final cell density of approximately 108 cfu mL-1. Muller-Hinton agar (Merck) was prepared and inoculated from the standardized cultures of the test organisms then spread as uniformly as possible throughout the entire media. Sterile paper discs (6 mm diameter) were impregnated with 20 µL of the compound solution then allowed to dry. The impregnated disc was introduced on the upper layer of the seeded agar plate and incubated at 37 ºC for 24 hours. The antibacterial activities of the synthesized compounds were compared with known antibiotic gentamicin (10 µg per disc) and chloramphenicol (30 µg per disc) as positive control and DMSO (20 µL per disc) as negative control. Antibacterial activity was evaluated by measuring the diameter of inhibition zone (mm) on the surface of plates and the results were reported as mean ± SD (standard deviation) after three repeats.

   

  Results and Discussion

  Synthesis and characterization of catalyst

  Nano silica-supported tetramethylguanidine was synthesized according to reported procedure in the literature,15 by silylation/condensation of nano silica with (3-chloro propyl)trimethoxy silane, which was then reacted with tetramethylguanidine to form TMG-SiO2 NPs catalyst (Scheme 1).

  
    

    [image: Scheme 1. Synthesis of TMG-SiO2 NPs.]

  

  The catalyst structure was characterized by elemental analysis, IR spectroscopy, TGA, XRD and FE-SEM (Supplementary Information (SI) section). The amount of tetramethylguanidine grafted on nano silica was evaluated by the nitrogen content, 0.50 mmol g-1, on the base of elemental analysis (C: 4.83%; H: 1.05%; N: 2.10%), which was in good agreement with the result obtained from TGA analysis.

  Catalytic study

  Initially, the reaction of rhodanine-N-acetic acid 1 (1.0 mmol), 4-chlorobenzaldehyde 2b (1.0 mmol) and tert-butyl isocyanide 3 (1.0 mmol) as model substrates in the presence of 15 mol% (0.30 g) TMG-SiO2 NPs in tetrahydrofuran (THF) under reflux conditions was used to determine suitability of the catalyst for the desired reaction. This condensation reaction did not afford the Passerini product 4b, while in contrast, benzilidene rhodanine-N-acetic acid 5b, confirmed by NMR spectra, was obtained in 85% yield. Subsequently, by increasing the amount of 4-chlorobenzaldehyde to 2.0 mmol, product 4b was formed in 81% yield, Scheme 2.
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  Interestingly, the three-component reaction of benzilidene rhodanine-N-acetic acid 5b (1.0 mmol) with 4-chlorobenzaldehyde 2b (1.0 mmol) and tert-butyl isocyanide 3 (1.0 mmol) in the absence of catalyst, did not convert into 4b even after 24 h in boiling THF. The results clearly show that, TMG-SiO2 NPs effectively catalyze the Passerini reaction. Next, we attempted to determine the optimum conditions by examining the inﬂuence of catalyst, solvent and temperature variations on the progress of the Passerini reaction. The results of the optimized conditions are summarized in Table 1.

  Only a trace amount of the product 4b could be detected in the absence of catalyst even after 24 h under reflux conditions in THF (Table 1, entry 1). To explore the suitable reaction conditions, the above model reaction was performed in the presence of various catalysts such as SiO2 NPs, TiO2 NPs, MgO NPs, TMG, DABCO, SBA-15-DABCO, DBU-SiO2 NPs in boiling THF (Table 1, entries 2-8). From the results, it is obvious that TMG-SiO2 NPs demonstrates superior catalytic activity in this reaction and is the best catalyst among those examined (Table 1, entry 9). We also evaluated the amount of catalyst required for this transformation. It was observed that when the model reaction was run in the presence of 10 mol% (0.20 g) TMG-SiO2 NPs in THF at 70 ºC, good results were obtained with regard to the yield and reaction time (Table 1, entry 11). Increasing the amount of catalyst did not change the yield dramatically (Table 1, entries 9 and 10), whereas reduction of it significantly decreased the product yield (Table 1, entry 12). Next, the model reaction was studied in various solvents such as water, ethanol, and dichloromethane using 10 mol% of TMG-SiO2 NPs under reflux conditions (Table 1, entries 13-15). As shown in Table 1, the reaction failed completely in protic solvents, and THF provided greater yield and shorter reaction time than CH2Cl2. To optimize the reaction temperature, the model reaction was carried out in THF at different temperatures. We observed that, the reaction did not proceed to completion at room temperature (Table 1, entry 17), and the yield of product was improved as the temperature was increased to 70 ºC under the same conditions.
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  To explore the scope and limitations of this reaction, we applied TMG-SiO2 NPs (10 mol%) on the reactions of rhodanine-N-acetic acid 1 with a variety of aromatic aldehydes 2a-2l and tert-butyl isocyanide 3 in boiling THF. Under the optimized reaction conditions, a series of 2-(tert-butylamino)-2-oxo-1-phenylethyl[(5Z)-5benzylidene-4-oxo-2-thioxo-1,3-thiazolidin-3-yl]acetate derivatives 4a-4j were synthesized in good yields. The yield of products and time taken for maximum conversion of the substrates in each case, are listed in Table 2.
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  As presented in Table 2, the reaction of aldehydes with electron accepting groups afforded the highest yields and the shortest reaction times (entries 4 and 5), whereas the reaction of aldehydes 2k and 2l with strong electron releasing groups did not proceed, so no product could be isolated (entries 11 and 12). The structures of 4a-4j were deduced from 1H and 13C NMR, IR and mass spectra as well as elemental analyses.

  To evaluate the recyclability and stability of our catalyst, we designed a set of experiments by successive condensation of model substrates using recovered TMG-SiO2 NPs under optimized conditions. After the completion of the first reaction run with 80% yield, the catalyst was filtered from hot reaction mixture, washed with acetone and finally dried at 50 ºC for 1 h. The recycled catalyst was employed in another cycle under the similar conditions. It was found that the catalyst could be used directly for at least five reaction cycles without noticeable drop in the product yield and its catalytic activity (Figure 1). The reactants were taken with respect to the amount of the catalyst recovered after each reaction cycle. The elemental analysis of recycled catalyst after the 5th reaction run revealed slightly decrease in the content of elements (C: 4.65%; H: 0.95%; N: 2.0%), which can be related to catalyst leaching.

  
    

    [image: Figure 1. Reusability of the catalyst. Reaction conditions]

  

  A proposed mechanism for the synthesis of α-acyloxy amides 4 is outlined in Scheme 3. The efficiency of TMG-SiO2 NPs is better conceived by considering its acid-base bifunctional nature, providing both proton donating and accepting functions during the catalysis process. The reaction is initiated by TMG-SiO2 NPs, which upon removing a proton from rhodanine-N-acetic acid 1 promotes a Knoevenagel condensation with the aldehyde 2, activated by hydrogen-bond donor catalyst, resulting in formation of the compound 5. Then, nucleophilic attack of isocyanide carbon to carbonyl group of activated aldehyde 2, affords the adduct 6. The resulting nitrilium intermediate 6 is attacked by the carboxylate of 5 followed by acyl transfer via Mumm rearrangement,2,3,28 and proton attraction from conjugate acid of the catalyst to form rhodanine-based amide derivatives 4.
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  Antibacterial activity

  The antibacterial activity of compounds 4a-4j was evaluated against Gram positive (S. aureus and B. subtilis) and Gram negative bacteria (E. coli and P. aeruginosa) by the disc diffusion method; the results were collected in Table 3. In addition, the finding towards inhibition of microorganisms was compared with that of positive controls, gentamicin and chloramphenicol, and DMSO as a negative control. According to Table 3, compound 4a showed moderate growth inhibitory effect against all tested bacteria, whereas compounds 4c, 4i and 4j exhibited no activity. Also, compounds 4b, 4d, 4e, 4f and 4g displayed moderate activity against some microorganisms. Moreover, compound 4h showed good activity against bacteria except P. aeruginosa.
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  Conclusions

  In summary, nano silica functionalized with basic organocatalyst was synthesized, and used as an efficient heterogeneous catalyst for the MCR synthesis of rhodaninebased amides as antibacterial agents. Environmental acceptability, good yields, simple work-up, easy removal and recyclability of catalyst are the important features of this atom economical protocol.
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    Supplementary Information

    Characterization of catalyst

    The catalyst structure was characterized by elemental analysis (CHN), Fourier-transform infrared (FTIR) spectroscopy, termogravimetric analysis (TGA), X-ray diffraction (XRD) and field emission scanning electron microscopy (FE-SEM).

    FTIR spectra of nano-SiO2, SiO2-Cl and TMG-SiO2 NPs are shown in Figure S1. The peaks around 460, 805 and 1100 cm–1 are the typical Si–O–Si band attributed to the condensed silica network present in pure and modified silica. For all samples, the absorption bands at 1630 and 3445 cm-1 can be associated to the O–H vibration of silanol groups and absorbed water. The characteristic peaks at about 2850 and 2913 cm–1, which are related to the C–H stretching of alkyl groups (Figures S1b, S1c); in addition, the absorption bands at 1445 cm–1 and 1620 cm–1 due to stretching vibrations of C–N and C=N groups displayed, indicating that tetramethylguanidine (TMG) has been loaded into the support (Figure S1c).

    TG curve of TMG-SiO2 NPs (Figure S2) revealed an initial weight loss of 3.24% below 150 ºC due to the adsorbed water on the surface of catalyst. Complete loss of the organic species was observed in the temperature range of 220-600 ºC, with the amount of organic moiety nearly 7.65% (0.5 mmol of TMG per 1.0 g of the catalyst).

    XRD diffractogram of TMG-SiO2 NPs shows strong broad peak at 22º (2θ), which is characteristic of amorphous nano silica (Figure S3).

    From the multiple FE-SEM images, it can be determined that the average diameter of SiO2 nanoparticles after immobilization of TMG is about 40 nm (Figure S4). Moreover, the FE-SEM image of the recycled catalyst after the 5th reaction run revealed that nanostructure of TMG-SiO2 NPs was retained during the catalysis and the recycling experiments.
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    Homogeneous polymerization catalysts require large amounts of solvent and cannot control the polymer morphology. In order to solve this issue, a narrow-shaped spherical ZSM-5 zeolite was used in ethylene polymerization as a support for zirconocene (Cp2ZrCl2). Several heterogeneous catalytic precursors were prepared and used in ethylene polymerization reactions, which showed yields (between 980-8019 kg PE mol-1 h-1) and were efficient at promoting morphological replication of the support. So, a well-established protocol for slurry polymerization reaction was found, yielding well-defined polymer particles in an advantageous polymerization process.
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  Introduction

  Since the discovery of metallocene/MAO (methylaluminoxane) polymerization catalytic systems, this area has shown a remarkable development.1 Metallocene catalysts showed new ways of obtaining polyolefins, becoming very attractive due to their outstanding activity, which was superior to Ziegler-Natta or Phillips catalysts, and selectivity, allowing access to new products.2-4 These characteristics have strongly stimulated research into this area, but there are still some important issues.5 An important limitation comes from the use of homogeneous (solution) processes, which results in poor control over growing polymer particles.6 Several studies have been devoted to the use of supported catalysts. The preferred supports include inorganic products, polymeric resins, magnesium chloride and silica.7-10 Amorphous silica is the most common support, due to its high surface area and porosity, commercial availability and easy preparation.

  For crystalline supports, such as zeolites, their own acidity can be used to stabilize the active species during the polymerization. In addition, they can induce the growth of polymeric chains inside the channels, forming polymer fibres which are extruded outside the pores.11-14

  Highly active catalysts were obtained by reacting common alkylaluminums (AlR3) with hydrated zeolites to form "in situ" alkylaluminoxanes. These catalysts can be activated without using MAO during the polymerization.15-17 Hybrid zeolitic-mesostructured materials showed excellent results due the enhancement of the textural properties. Larger pores (mesopores) contribute to the diffusion process, thus allowing monomer and co-catalyst to reach the active centres.18

  Zeolites synthesized by employing ionic liquids as structure directing agents showed homogeneous particle shape and size.19 Ionic liquid was necessary for the sphere-shaped arrangement, otherwise the zeolite would grow shapeless like the standard ZSM-5. We also observed that by using β-zeolite-nickel diimine catalyst for oligomerization reactions, the ionic liquid inside of the zeolite strongly contributes to the performance of the catalyst, which doubles its activity.

  In this work, a spherical ZSM-5 zeolite, obtained with defined morphology (homogeneous microspheres of approximately 16 µm of diameter) due to the action of methyl-butyl-imidazolium chloride (ionic liquid), was used as a support for Cp2ZrCl2. Polymerization was performed by means of transfer of the controlled morphology to the polymer particles.19

   

  Experimental

  General procedures

  All manipulations were performed using standard Schlenk tube technique under argon. The catalyst precursor Cp2ZrCl2 (Aldrich) and the co-catalyst PMAO­IP (AkzoNobel, 7.0 wt.% of Al in toluene) were used as received. Argon (5.0, White Martins) was dried and deoxygenated by passing through columns of activated molecular sieves (3 Å) and BTS (BASF). Ethylene polymerization grade (2.0, White Martins) was used as received. Toluene was distilled over metallic sodium and benzophenone and stored under argon. The ZSM-5 spherical zeolite was obtained as reported previously by our workgroup.19

  Preparation of supported catalysts

  All supports used were pre-treated under reduced pressure at 110 ºC for 12 h before catalyst immobilization. The zeolites, spherical zeolite containing ionic liquid (SZ­IL), spherical zeolite-calcined (SZ-CA); and zeolite­standard (Z-St); were used for zirconocene direct immobilization, as shown in Figure 1a.20 The heterogeneous catalyst precursors were prepared starting from 15 mL of Cp2ZrCl2 toluene solution (2 µmol mL-1) added to a zeolite suspension (1.5 g in 15 mL of toluene). The resulting suspension remained under stirring for 24 h at room temperature. The following step was to remove the solvent under reduced pressure. The washing step was performed once and led to catalysts with the same productivity as that of the dried solid used directly in ethylene polymerization reactions (without the washing step). The three different supported catalysts were named SZ-IL-Zr, SZ-CA-Zr, and Z-St-Zr, respectively. The MAO treated support (SZ­IL­MAO), see Figure 1b, was obtained from 1.5 g of SZ-IL treated with 60 mL of MAO solution (0.6% in toluene) for 3 h at 60 ºC. The reactional liquid was removed by filtration under argon flow and the solid was washed three times with toluene (20 mL). The MAO-treated catalyst was obtained after the reaction of a Cp2ZrCl2 solution (20 mL, 0.5% m/m in toluene) and SZ­IL-MAO.6 The reaction proceeded under stirring during 0.5 h at room temperature. The solid was washed three times with toluene (20 mL). The amount of incorporated zirconium on the support was determined by inductively coupled plasma optical emission spectrometry (ICP-OES, Perkin Elmer Instruments, model Optima 2000 DV), which was determined as being 0.12% for the first catalyst made (named SZ-IL-MAO-0.12) and 0.18% for the second catalyst (named SZ-IL-MAO-0.18).
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  Polymerization reactions

  All polymerization reactions were carried out in a 200 mL double-walled glass reactor equipped with magnetic stirrer and thermostatic bath at 60 ºC. Toluene and the co-catalyst were added to the reactor under argon atmosphere. The system was kept under stirring during 5 min. Then, the reactional mixture was purged and saturated with ethylene for 10 min immediately before the addition of either the homogeneous or the heterogeneous precursor (toluene suspension). The total reaction volume was 30 mL for all experiments. The reaction was kept at a constant feeding of ethylene (4 bar) for 10 min. The product was precipitated with acidified ethanol (5% HCl), washed with ethanol and water several times and dried under reduced pressure at room temperature.

  Polyethylene characterization

  The polymer melting temperature (Tm) and crystallinity (χc) were obtained with differential scanning calorimeter equipment (DSC-Q20/RCS40-TA Instruments) calibrated with indium. The rate of heating and cooling used was 10 ºC min-1 and the temperature range from 30 to 180 ºC. Two cycles of heating were performed and only the results of the last scan were considered. The scanning electron microscopy (SEM) images were obtained in an EVO 50­Carl Zeiss equipment. The materials were deposited on a carbon tape and covered with gold prior to analysis.

   

  Results and Discussion

  Homogeneous reactions

  Experiments in solution were performed, optimized and the parameters were applied, at a later time, to the heterogeneous catalysts. Table 1 summarizes the results for the homogeneous catalyst. The catalytic precursor quickly looses productivity, lasting just a few minutes, and the polymer mass recovered for entries 1 and 2 were very similar, even at longer reactional times. This deactivation may be attributed to the low monomer diffusion, blockage of reaction sites, binuclear deactivation, among other effects.
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  Higher amounts of catalyst, such as in entry 3 (4 µmol) lead to productivity close to the entry 2 (2 µmol). For this reason, despite the good result for higher content of catalyst, the amount of precursor used for the heterogeneous catalysts varied between 0.4-2 µmol.

  The Al/Zr ratio had strong influence on productivity. Three different Al/Zr ratio were used 500, 1000 and 5000 (entries 2, 4 and 5) and the best result was achieved in entry 4 (Al/Zr =1000). Metallocene catalysts depend on high Al/M ratios for proper activation and reactivation of latent sites. MAO reactivates inactive species formed by hydrogen-transfer reactions.21 However, higher MAO concentrations lead to a drop in productivity. One of the reasons is that the free trimethylaluminium (TMA) present in the MAO can coordinate to the active species, in this way unfavorable to the monomer coordination.22 The optimized conditions were applied to the heterogeneous precursors as a measure to observe the catalytic system behavior.

  Heterogeneous reactions

  The supported catalysts were tested on ethylene polymerization reaction. For catalyst SZ-IL-Zr, as shown in Table 2, the best Al/Zr ratio was 1000 (entry 7). Metallocenes require large excess of MAO for good productivity, since MAO plays different roles in polymerization reactions: as alkylating agent, Lewis acid and scavenger.23 Lower 
    Al/Zr ratio, such as entry 6 (Al/Zr = 500) was not sufficient for activation and, consequently, polyethylene was not produced. Most likely, MAO reacted with the support surface instead of carrying out metallocene activation. The influence of the support and textural characteristics, can also affect the active species, as the monomer and co­catalyst require access to the active centre.24,25 Higher Al/Zr ratio gave results similar to homogeneous systems: the productivity suffered a drastic drop (entry 8).
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  Entry 9 shows a very active catalyst, which produces one third of the polymer mass in the first minute of reaction, comparatively to the reference experiment (entry 7). If the productivity were constant, after 10 min, the polymer mass would be ten times higher. This can be explained by the easy substrate access to the catalytic centre during initial moments, while the medium viscosity remains low. Other important fact is the deactivation, which is exactly what occurred to the homogeneous system.

  The results for catalyst SZ-CA-Zr did not change considerably when compared to the catalyst SZ-IL-Zr under same conditions. This fact clearly demonstrates that the ionic liquid inside the zeolite pores does not influence negatively the reaction and both catalysts possess almost the same productivity. The Al/Zr ratio had to be raised to 2000, while the productivity lowered to less than half of that in entry 7. With regard to higher productivity and lower Al/Zr required ratio, the spherical zeolite had a better performance than the standard zeolite. The reactions using the catalysts SZ-IL-MAO-0.12 and SZ­IL­MAO-0.18 (entries 13 and 14) yielded the best results for morphological replication of the support. The precursor was efficiently heterogenized on immobilized MAO. However, catalysts SZ-IL-MAO-0.12 and SZ-IL-MAO-0.18, although they showed lower productivity than catalyst SZ-IL-Zr or SZ­CA-Zr, it showed better performance than catalysts SZ-St-Zr. Both types of heterogenization methods yielded better catalysts by using the spherical ZSM-5 when compared to a standard ZSM-5 zeolite.

  The data in Table 3 show the crystallinity (χc) for the homogeneous case in comparison with the supported cases. The catalyst heterogenization can change polymerization behavior and, as a consequence, the polymer characteristics.26 When MAO was used on the pre­treatment, the interaction between complex and support was minimized, because MAO mediated the immobilization. So, the polymer properties remain closer to those of the homogeneous system (entry 13).27
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  Polyethylene morphology

  One of the greatest advantages of using the spherical ZSM-5 is related to both the size and shape uniformity of the zeolite particles (Figure 2). Zeolite spheres have a narrow diameter distribution, so each particle can homogeneously distribute similar amounts of catalytic precursor and, as a consequence, generate particles with similar sizes.

  
    

    [image: Figure 2. Group of ZSM-5 spherical zeolites (magnification]

  

  The polymers obtained with the heterogeneous systems showed higher apparent density and favourable polymer-growth control. It was also found that, in all heterogenized cases, the support allowed better polymerization control, with regard to polymer shape and size. The polymer could grow as it followed a model (the shape of the zeolite) and formed clusters with well-defined morphology (Figure 3a). In some cases, as for the MAO-treated zeolite, the polymer grew in the form of thin layers, which allowed easy access to the monomer in the inner core (Figure 3b).
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  The replication process can be clearly seen in Figure 4, the shape of the polymer (Figure 4b) follows the shape of the zeolite (Figure 4a) and has more than double its diameter. When a zeolite without a defined morphology was employed led to polymer with poor morphological control (Figures 4c and 4d).
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  Polymers obtained by the homogeneous process, showed fine particles, with low apparent density and no morphological control. The polymer particles grew disorderly (see Figure 5) due to the homogeneous nature of the catalyst and absence of a support.
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  Conclusions

  The results showed that the ZSM-5 spherical zeolite, used as a support for the catalytic precursor Cp2ZrCl2, fulfilled its role satisfactorily. Under the same conditions, the spherical ZSM-5 catalysts demanded less co-catalyst and showed higher productivity when compared with the conventional ZSM-5 zeolite catalyst. The ionic liquid inside the spherical zeolite did not show any influence on the catalytic behaviour. Moreover, the characteristics of the polymers obtained with the metallocene precursor remained untouched or equal to those of the homogeneous process using the heterogeneous catalysts. The SEM images allowed the observation of well-defined polymer growth. The experiments using the MAO-treated zeolite produced laminated particles, which constitute an advantage, due to the easy access of the monomer to the catalytic centre. For all the supported catalysts tested in this work, the morphological control was better than that of the catalyst in solution.
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    Solid phase microextraction, one-dimensional gas chromatography (1D-GC) and comprehensive two-dimensional gas chromatography (GC×GC) with mass spectrometric detector have been used to characterize the volatile profile of Moscatel sparkling wines. Predominant classes were esters, acids, alcohols and terpenes. The efficiency of GC×GC was apparent due to the higher number of compounds positively and/or tentatively identified through this technique (two and a half times higher than with 1D-GC), as well as by the separation of co-eluted compounds in 1D-GC. Principal components analysis showed that the volatile profile of the majority of sparkling wines is similar. Only two samples differed from others and the compounds responsible for this behavior were nerol, menthol, linalool acetate, limonene and geraniol. Furthermore, a clear separation among sparkling wines done with two Moscato grape varieties (Bianco and Giallo) was observed in cluster analysis due to the higher chromatographic area of terpenes and norisoprenoids verified in Giallo samples.
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  Introduction

  Moscatel sparkling wine presents an intense fruity and floral aroma that is produced from a single alcoholic fermentation of the must of grapes of Moscato variety. Moscato, Moscatel, Muscatel and Muscat are synonyms. Moscato has been used to refer to grapes of this family and the word Muscat is frequently used to designate wines produced in Italy, United States of America and Australia. The word Moscatel has been assigned to wines produced in Portugal, Spain and Brazil. Moscatel sparkling wine is similar to Asti, the Italian sparkling wine that is produced in southeastern Piedmont region.1-3 Whenever research studies are quoted in this manuscript, the word used for the wine designation in the original publication was maintained. The state of Rio Grande do Sul, located in the South part of Brazil, is responsible for more than 90% of the Brazilian wine production.4 Among sparkling wines, Moscatel is the favorite drink of Brazilian consumers and this preference may be attributed to its unique and characteristic aromatic intensity.5

  Moscatel sparkling wine production has been presenting a growing trend in the Brazilian market during the last years and its participation in the commercialization of sparkling wines in the national market has doubled from 2004 to 2013.6 In the international realm, Brazilian Moscatel sparkling wines have been recognized with several gold medals in renowned competitions in various countries, such as France, Spain, Greece, United States, and Argentina.7

  Aroma is one of the most important factors related to wine quality and volatile compounds play a significant role regarding aroma. The wine volatile profile is influenced by many factors such as grape variety, soil, climatic conditions and the winemaking process.8 Information on wine aroma and the determination of the relative amount of each volatile component may be employed for varietal differentiation and for the establishment of quality and authenticity criteria, aiming at the improvement of wine quality.8,9

  Several analytical techniques have been developed and improved for the study of wine volatile compounds, such as, for example liquid-liquid extraction (LLE), dispersive liquid-liquid microextraction (DLLME), solid phase extraction (SPE), stir bar sorptive extraction (SBSE) and solid phase microextraction (SPME).10-12 DLLME presents the advantage of avoiding the use of large volumes of organic solvents when compared to LLE, but it is difficult to automate.12 SPE is frequently used for volatile and semi-volatile compounds extraction or for wine clean up. The large variety of sorbents commercially available makes this technique suitable for the determination of analytes with distinct chemical structures and polarities. Some of its drawbacks are large volumes of sample and solvents compared to microextration techniques.10 In SBSE a coated stir bar is added to the sample for stirring and extraction (direct SBSE) or be exposed to the headspace (HS-SBSE). Due to the high volume of the extracting phase in SBSE stirrer, which results in low detection limits, it is a good tool for the analysis of wine off-flavors. However, poly(dimethylsiloxane) (PDMS) is the only commercially available coating, while there are several SPME coatings available for compounds of different physicochemical natures, such as carbowax (CW), polyacrylate (PA), etc.11 Headspace (HS) SPME is considered the most employed technique for the extraction of wine volatiles, as it is simple, fast, sensitive, easy-to-automate and a solvent-free technique. Furthermore, this technique supports multi-phase coatings, which is ideal for complex samples such as wine, which presents several hundreds of compounds from distinct chemical families in different concentrations.13

  One-dimensional gas chromatography with mass-spectrometric detector (1D-GC/MS) is usually the technique of choice for the determination of volatile compounds of wines and other beverages.14,15 However, co-elutions usually arise in 1D-GC analyses of complex samples, which eventually may result in misleading identification and quantification of compounds. Furthermore, sensitivity of 1D-GC/MS may be insufficient to detect trace components, which might be important to wine aroma.16-18 In recent years, comprehensive two-dimensional gas chromatography with time-of-flight mass spectrometric detector (GC×GC/TOFMS) has also been employed, achieving superior results due to its higher peak capacity, sensitivity, selectivity and resolution.3,17,19 GC×GC analysis of complex matrices generates a large amount of data and data treatment ends up being a time consuming and tedious task, especially because it is difficult to distinguish which are the most important information among all acquired information. Chemometric tools, such as principal component analysis (PCA), cluster analysis (CLA), discriminant analysis (DA) and Fisher ratio17,20,21 have been employed in studies related to volatile beverages, such as differentiation of Madeira wines according to grape varieties,22 observation of the evolution of wine aroma during ageing,3 characterization of the volatile profile of Brazilian Merlot wine,17 effect of aging and lees contact on sulfur compounds in Italian sparkling wines,23 and differentiation among base and sparkling wines according to their volatile compounds.24

  Sparkling wines of the Moscato grape variety have been widely produced in many places and their volatile compounds have attracted the interest of several researchers due to the importance of this type of sparkling wines.25-28 However, the volatile composition of Moscatel Brazilian sparkling wines has never been investigated. Despite the economic and social importance of the sparkling wines in the Southern region of Brazil and the need to characterize these products, few studies were performed to elucidate the components present in the volatile fraction of these wines.

  This study investigates, for the first time, the volatile components of Brazilian Moscatel sparkling wines in order to characterize them and aims to open perspectives for the discovery of a potential chemical signature of these wines, as well as potential markers of their quality. Therefore, HS-SPME, 1D-GC/MS and GC×GC/TOFMS along with Fisher ratio and PCA were employed to characterize volatiles of Moscatel Brazilian sparkling wines. The potential of GC×GC/TOFMS was verified for the separation of volatile compounds of a representative number of Brazilian Moscatel sparkling wines.

   

  Experimental

  Samples, analytical reagents, and supplies

  Twenty-one Brazilian Moscatel sparkling wines of 2011, produced in the state of Rio Grande do Sul (RS), Santa Catarina (SC) and Paraná (PR) have been investigated (Table 1). The ethanol content of wines ranged from 7.8 to 8.5%, which is according to the Standards of Identity and Quality established by Brazilian law.29 These samples were provided by the Brazilian Association of Enology (ABE, Associação Brasileira de Enologia) and Brazilian Agricultural Research Corporation of Grape and Wine (EMBRAPA, Empresa Brasileira de Pesquisa Agropecuária Uva e Vinho). According to the Brazilian Institute of Wine (IBRAVIN, Instituto Brasileiro do Vinho), 83 wineries commercialized Moscatel sparkling wine in 2011 and among them, 21 were studied in the present work. Most companies outsourced their production of Moscatel sparkling wines, which means that 52% of the wineries that have their own production of wine were analyzed (11 of 21 wineries), rendering a study that is representative of the Brazilian scenario. Overall, considering companies with their own production (21), the ones that outsourced their production (44) from other wineries and the ones that did not provide any information (18), 25% of the Brazilian sparkling wines of Moscato variety were investigated in relation to their volatile components (21 of 83 wineries). Two other sparkling wines from the Piedmont region (Asti Spumante), Italy (2011) were included in this investigation (Table 1).
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  Standard compounds ethyl isobutanoate, ethyl butanoate, ethyl lactate, ethyl isovalerate, 1-hexanol, isoamyl acetate, hexanoic acid, ethyl hexanoate, hexyl acetate, limonene, eucalyptol, terpinolene, sorbic acid, ethyl sorbate, linalool, 2-phenyl ethyl alcohol, octanoic acid, menthol, diethyl succinate, α-terpineol, ethyl octanoate, nerol, ethyl benzeneacetate, nonanoic acid, β-damascenone, ethyl decanoate, 1-dodecanol, ethyl dodecanoate were purchased from Aldrich (Steinheim, Germany). Pentadecane was utilized as internal standard (IS) and was also purchased from Aldrich. The purity of all these compounds were higher than 90%.

  Model wine was prepared with (+)-tartaric acid (6 g L-1) supplied by Synth (São Paulo, Brazil) and 10% of ethanol double-distilled (95%, Vetec, Rio de Janeiro, Brazil) in MilliQ deionised water. The pH was adjusted to 3.5 with sodium hydroxide (Nuclear, São Paulo, SP, Brazil). Ultra-pure water was prepared using a Milli-Q water purification system (Millipore, Bedford, MA, USA). The standard solutions were prepared in ethanol and diluted in wine model solution in order to obtain a matrix similar to wine in regards to percentage of ethanol and acidity. This approach minimizes matrix effects and has been extensively used in scientific literature.31-33

  The SPME fiber (divinylbenzene polydimethylsiloxane (DVB/PDMS) StableFlex) was purchased from Supelco (Bellefonte, PA, USA) and was conditioned according to the manufacturer's recommendation prior to its first use. Sodium chloride (NaCl) of analytical grade was purchased from Nuclear (São Paulo, SP, Brazil) and was oven dried at 110 ºC overnight before use. Ten milliliters headspace vials with Teflon septa were purchased from Supelco. A thermostatic chamber, manufactured at the Institute of Physics of Universidade Federal do Rio Grande do Sul (UFRGS) was utilized to keep a constant temperature during HS-SPME (± 0.4 ºC).

  Sample preparation and extraction

  The samples were degassed at low temperature (< 10 ºC) by ultrasonic waves (ultrasound Ultra Cleaner 1400 from Quimis, Diadema, SP, Brazil) for 30 min in an erlenmeyer flask containing 200 mL of sparkling wine and maintained at approximately 5 ºC. HS-SPME was performed with a DVB/PDMS 65 µm film, at 40 ºC, without sample agitation, during 30 min, according to previous work.34 Two mililiters of wine, 2 mL of internal standard (10 mg L-1), and 30% of NaCl (m/v) were placed in 10 mL headspace glass vials. Desorption of volatile compounds occurred in the GC inlet at 250 ºC and the fiber was kept in the injection port for 5 min. All samples were analyzed in triplicate and a blank sample (model wine) was verified before the analysis of each sample.

  Chromatographic analyses

  A Shimadzu gas chromatograph coupled to a quadrupole mass spectrometric detector (GC/MS), model QP2010 (Kyoto, Japan) was employed to perform headspace analyses of volatiles compounds with the following columns: DB-5 (5% diphenyl-95% dimethyl polysiloxane, 60 m × 0.25 mm × 0.25 µm) and DB-WAX (polyethylene glycol, 30 m × 0.25 mm × 0.25 mm). Oven temperature was kept at 45 ºC for 5 min and it was heated up to 180 ºC at a rate of 3 ºC min-1, reaching a final temperature of 240 ºC at 20 ºC min-1. Injector and detector temperature were kept at 250 ºC, while helium (analytical purity 99.999%, Linde Gases, Canoas, RS, Brazil) flow rate was 1.0 mL min-1 and desorptions were made in the splitless mode. The MS parameters included electron ionization at 70 eV and the mass range (m/z) of 45 to 450.

  The GC×GC system consisted of an Agilent 6890N (Agilent Technologies, Palo Alto, CA, USA) equipped with a Pegasus IV time-of-flight mass spectrometric detector (Leco Corporation, St. Joseph, MI, USA). The GC system was equipped with a secondary column oven and a non-moving quadjet dual stage thermal modulator. During modulation, cold pulses were generated using dry nitrogen gas cooled by liquid nitrogen, whereas heated nitrogen gas was used for hot pulses. The system was also equipped with a CTC CombiPAL autosampler (CTC Analytics, Zwingen, Switzerland) with an agitator and SPME fiber conditioning station. The injector, transfer line and ion source temperature were at 250 ºC. Oven temperature was kept at 45 ºC for 0.5 min and was raised to 240 ºC at 3 ºC min-1. The secondary oven was kept 10 ºC above the primary oven throughout the chromatographic run. The first column was a DB-5 (60 m × 0.25 mm × 0.25 µm) and the second column was a DB-17ms (50% phenyl 50% methyl-polysiloxane, 1.70 m × 0.18 mm × 0.18 µm). MS parameters and carrier gas employed, as well as its flow rate were the same reported for 1D-GC/MS. The period of modulation was 7 s, detector voltage –1750 V, and acquisition rate was 100 spectra s-1. Tentative identification of wine aroma compounds in 1D-GC as well as with GC×GC analyses was achieved comparing experimental linear temperature programmed retention index (LTPRI) with retention indices reported in the scientific literature. Retention data of a series of n-alkanes (C9-C24), obtained under the same experimental conditions employed for the chromatographic analysis of wine volatiles were used for experimental LTPRI [LTPRI(exp)] calculation. Whenever a compound was tentatively identified, differences between experimental and reported LTPRI were not higher than 20. Mass spectrometric information of each chromatographic peak was compared to NIST mass spectra library, considering a minimum similarity value of 80%. This spectral similarity was the same employed for mass spectra obtained by 1D­GC/MS. The minimum value for signal to noise (S/N) ratio that was necessary to consider a chromatographic peak as detected in 1D-GC was three (area% less than 0.01%). In the case of GC×GC, only chromatographic peaks with S/N higher than 150 (area% less than 0.001%) were considered for data treatment, as spectral similarity of peaks below this S/N value were lower than the criteria adopted in the present work. The organized 2D chromatographic distribution of compounds with similar physicochemical characteristics was also an aid for the compound identification process. Semi-quantitative analyses of volatile compounds were performed and the percentages of chromatographic peak areas are reported in Table 2 (also in Table S1, in the Supplementary Information (SI) section). Chromatographic peaks derived from fiber/column coating bleeding and also spurious peaks were excluded from data treatment and, consequently from total area percentage.
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  Statistical analysis

  The chromatographic areas of the analytes were normalized by the chromatographic area of the internal standard. Calculation of Fisher ratios was employed to determine the features that would better describe the data in terms of discriminative power between predefined classes and also to reduce the dimension of the original variables before multivariate analysis. A Fisher ratio is the class-to-class variation of the detector signal divided by the sum of the within-class variations of the detector signal.35 This approach aims to simplify data treatment, avoiding a previous manual analysis of the data before statistical treatment. Compounds with Fisher ratios higher than 3009 and 13228 for one-dimensional and two-dimensional data, respectively, were used in the second stage of the statistical analysis (PCA) as these components showed signal-to-noise ratio (S/N) value at least two times higher among the classes of samples. S/N ratio was calculated using ChromaTOF software. Sorbate derivatives (sorbic acid, ethyl and butyl sorbate) were not included in multivariate analysis, since they do not originate from Moscato grapes or fermentation. A more comprehensive discussion about this subject is addressed in Results and Discussion session.

  The statistical analyses were conducted using Statistica for Windows program package (version 7.1, Statsoft, Tulsa, Oklahoma, USA, 2005). Principal component analysis (PCA) was the multivariate analysis used to determine which variables (volatile compounds) contribute the most to the differences observed among wines. Excel (2010 version) software was employed for Fisher ratio calculation in 1D-GC. LECO ChromaTOF version 4.22 software was used for GC×GC acquisition control, data processing and Fisher Ratio calculation. Chromatographic areas of the volatile compounds that presented the higher Fisher ratio values were processed using PCA.

   

  Results and Discussion

  Sparkling wine volatile profile

  1D-GC/MS allowed the identification of 70 compounds in the 21 Brazilian Moscatel sparkling wines: 21 positively identified and 49 tentatively identified using LTPRI and mass spectra comparison. The predominant classes of compounds were esters (27), followed by terpenes (18), alcohols (11), acids (7), norisoprenoids (2), aldehydes (2), phenol (2) and pyran (1). The numbers between parentheses refer to all volatile components tentatively or positively identified in the headspace of 21 wine samples. Wine composition is expressed as chromatographic area percentage of the following classes of components: esters (57.96%), acids (20.13%), alcohols (10.69%), terpenes (11.56%), and others [lower amount of other compounds of different classes, such as norisoprenoids (0.20%), aldehydes (0.05%), phenols (0.14%) and pyran (0.07%)], as shown in Figure 1. The numbers given inside parentheses refer to the average of area percentage found in the 23 samples of Moscatel sparkling wines evaluated in this study (including Italian wines).
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  1D-GC/MS chromatographic profiles of the 21 Brazilian sparkling wines have shown similarity among them and volatile compounds of the two Italian wines resemble the profile of Brazilian sparkling wines, as well. Even chromatographic area percentages were found to be similar for several compounds, especially for the major ones. All these facts may be verified in Figure 1 and Table S1. This rough homogeneity of the volatile composition of these Moscatel sparkling wines might point to a volatile signature that may be employed for the quality control of Moscatel wines.

  Some alcohols, esters, acids and terpenes were found in all sparkling wine samples as major compounds (average chromatographic area percentage: 3.2% alcohols, 1.9% for esters, 2.2% acids and 0.9% for terpenes: 3-methyl-1-butanol (No. 11), ethyl hexanoate (No. 42), hexanoic acid (No. 3), linalool (No. 96), hotrienol (No. 97), 2-phenyl ethyl alcohol (No. 26), nerol oxide (No. 108), diethyl succinate (No. 58), α-terpineol (No. 120), ethyl octanoate (No. 61), octanoic acid (No. 7), decanoic acid (No. 9), ethyl decanoate (No. 74). Their chromatographic peaks may be seen in Figure 2. The numbers between brackets correspond to those used in the Table S1. Discussion about the possible contribution of these compounds to wine quality is presented later, along with GC×GC results.
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  In a second step of this work, the potential of GC×GC was evaluated in order to elucidate the volatile profile of Moscatel sparkling wines in a broader perspective. Even though this work does not intend to compare both techniques (1D-GC/MS and GC×GC/TOFMS), it is worthy to present some of the differences and similarities found with these two analytical tools, as qMS is one of the most spread GC/MS equipments in laboratories all over the world, while TOFMS is well known as the preferred mass spectrometric detector for GC×GC.36 Differences related to hardware of 1D-GC and GC×GC refer to different mass spectrometric detectors, slightly different chromatographic conditions, etc.

  The use of GC×GC resulted in 173 tentatively identified compounds (among them, 21 positively identified), a number that is two and half times higher than the one obtained by 1D-GC/MS (70). Major classes of compounds verified by GC×GC were the same found in 1D-GC and their mean chromatographic area percentage for Moscatel sparkling wines were: esters (25.03%), acids (23.32%), alcohols (19.31%), terpenes (10.13%). The percentage of chromatographic area of compounds of these classes represents almost 80% of total chromatographic area (peaks with S/N > 150). Sparkling wines also showed other minor classes of volatile compounds with mean chromatographic area percentage as follow: aldehydes (0.06%), lactones (0.02%), ketones (0.07%), norisoprenoids (0.06%), phenols (0.02%), pyrans (0.12%) and sulfurs compounds (0.02%). Table 2 lists the compounds that were tentatively identified using GC×GC/TOFMS. All components detected in both 1D-GC and GC×GC received the same numbering in Table S1 and Table 2. Among all the chemical groups found in the volatile content of Brazilian sparkling wines, esters were present in higher number (54), followed by terpenes  (50), alcohols (21), acids (10), aldehydes (8), ketones (8), lactones (6), phenols (6), sulfur compounds (5), norisoprenoids (2) and pyrans (3). The numbers between parentheses refer to all volatile components tentatively or positively identified in the headspace of 23 wine samples.

  The number of studies about volatile compounds of Moscatel sparkling wines is not abundant in the scientific literature. Due to this lack of information, some other research articles related to Moscatel still wines are considered in this discussion for the sake of comparison, as the grapes employed for vinification are the same. Furthermore, taking into account that data acquired in this study are semi-quantitative, a general discussion regarding the possible contribution of several important volatile compounds in the investigated wines is performed, even though a precise definition of the influence of each volatile compound to wine aroma would require quantitative and sensorial analyses.102 Aroma descriptors found in the literature are employed for a general discussion regarding the influence of the presence of a volatile compound to the wine aroma and such an approach has already been adopted in other scientific publications.3,15

  Esters, known to contribute to the fruity aroma, were responsible for the higher chromatographic area percentage and represented the predominant class of compounds in both GC×GC and 1D-GC. These compounds are enzymatically produced during yeast fermentation and their concentration is dependent on several factors, mainly: yeast strain, fermentation temperature, aeration degree, and sugar content.103 Esters that showed higher chromatographic areas in the headspace of Brazilian Moscatel sparkling wines were: ethyl octanoate (No. 61 of Table 2, 7.30%), ethyl hexanoate (No. 42 of Table 2, 4.37%), diethyl succinate (No. 58 of Table 2, 2.35%) and 2-phenylethyl acetate (No. 65 of Table 2, 1.32%). Bordiga et al.3 also found ethyl octanoate and ethyl hexanoate as major esters of "Asti Spumante" and "Moscato d'Asti" sparkling wines from Italy. In addition, isoamyl acetate and β-phenylethylacetate were found in significant concentrations in these Italian wines. Other minor esters were found only when GC×GC was used in the analyses of Brazilian Moscatel sparkling wines, including ethyl isobutanoate (No. 32, 0.34%), isobutyl acetate (No. 33, 0.05%), ethyl 2-butenoate (No. 36, 0.01%) and others indicated in Table 2. These minor esters were not found in Italian "Asti Spumante" and "Moscato d'Asti" sparkling wines analysed using GC×GC/TOFMS3 and Spanish Muscat still wines evaluated using 1D-GC/MS.27 However, these compounds were detected in Pinotage still wines from South Africa analyzed by GC×GC/TOFMS.16 Ethyl isobutanoate and isobutyl acetate were also found in Australian Cabernet Sauvignon still wines when 
    GC×GC/TOFMS was employed as analytical tool.104 The same compounds were verified, using GC/MS, in Greek dry still white wines elaborated with Moschofilero, Debina and Moschato Alexandrias grapes.73 Considering that GC×GC provided a higher number of tentatively and positively identified esters, the following discussion on volatile compounds is mainly focuses on GC×GC results.

  Terpenes were the second class in terms of number of volatile compounds identified in Moscatel sparkling wines. The most abundant terpenes were: α-terpineol (No. 120 of Table 2, average normalized area percentage of 4.45%), hotrienol (No. 97 of Table 2, average normalized area percentage of 1.27%) and linalool (No. 96 of Table 2, average normalized area percentage of 0.66%). Terpenes may be found in grape skin and the pressing of the grapes is responsible for the extraction of these compounds from grapes to wine. These compounds generally remain unchanged after the fermentation process.105 Terpenes are known for their floral contribution to aroma and this is specially important to Moscatel sparkling wines, as they are appreciated due to their floral notes, besides fruity characteristics.2,25-27

  Alcohols were the third class in terms of number of volatiles detected in Moscatel sparkling wines. Alcohols are produced from sugars and amino acids during the alcoholic fermentation and include representative aliphatic and aromatic components. Alcohols may impart both positive and negative effects to wine aroma.103 One of the major alcohols present in the Moscatel sparkling wines was 2-phenylethyl alcohol (No. 26 of Table 2, average normalized area percentage of 3.63%), which usually contributes with a positive rose (floral) aroma.105 3-Methyl-1-butanol (No. 11 of Table 2, average normalized area percentage of 8.76%) was also found as a predominant alcohol of Moscatel sparklings and may negatively influence the aroma (notes described as solvent).105

  Acids were the fourth most abundant chemical class in Moscatel sparkling wines and the compounds with higher chromatographic area percentages were octanoic acid (No. 7 of Table 2, average normalized area percentage of 26.59%) and decanoic acid (No. 9 of Table 2, average normalized area percentage of 7.96%). The volatile acidity of wine originates during fermentation of must and furthermore, its concentration may increase during the preparation and storage of wine because of microbiological contamination. Their contribution to aroma depends on their concentration range in wine and may be negatively characterized by notes of rancidity whenever their concentration is greater than 20 mg L-1.106

  Minor classes of Moscatel sparkling wines as sulfur compounds and lactones were only detected when GC×GC was used. Sulfur compounds in wines may be formed by degradation of sulfur containing amino acids or they may result of the degradation of sulfur pesticides employed in the protection of the grape cultivars.103 Dihydro-2-methyl-3(2H)-thiophenone (No. 170 of Table 2, average normalized area percentage of 0.03%) was the major sulfur compound found in Moscatel sparklings and this compound may negatively contribute to aroma (odor described as "burned", "burned rubber", or "roasted coffee").107 Another sulfur compound tentatively identified in Moscatel sparkling wines was 3-methylthio-1-propanol (No. 169 of Table 2, average normalized area percentage of 0.01%, cooked cabbage odor), which also has negative influence to aroma due to odor described as "cauliflower" or "cooked vegetables".23

  γ -Nonalactone (No. 147 of Table 2, average normalized area percentage of 0.04%) presents an aroma described as fruity and was the main lactone tentatively identified in Moscatel sparkling wines. These compounds are cyclic esters formed by enzimatic cyclisation between carboxyl and hidroxyl groups of the corresponding γ -hidroxylcarboxylic acid during fermentation.105 Other lactones were also tentatively identified in Moscatel sparkling wines such as γ -butyrolactone (No. 144 of Table 2, average normalized area percentage of 0.02%), γ-caprolactone (No. 145 of Table 2, average normalized area percentage < 0.01%),  γ -octalactone (No. 146 of Table 2, average normalized area percentage of 0.02%), γ-decalactone (No. 148 of Table 2, average normalized area percentage of 0.02%) and Δ-decalactone (No. 149 of Table 2, average normalized area percentage < 0.01%). Considering these lactones, only γ -butyrolactone and γ-decalactone may contribute negatively to aroma with odors described as smoky and chemical, respectively.108,109

  In addition to the fact that several compounds were tentatively identified only through the lens of the superior performance of GC×GC, the 2D technique was also useful to resolve co-elutions of sparkling wine compounds due to the extra selectivity provided by the second chromatographic dimension. Polar columns are well established in the literature as the most appropriate for determining polar compounds in wine.17 The use of a polar column instead of non-polar, as employed in our study, may be an alternative to avoid co-eluting compounds. However, even with a polar column in the first dimension (1D) of GC×GC, some compounds might co-elute with others. In a previous work of our research group, the co-elution of diethyl succinate (No. 58 of Table 2) with ethyl-4-decenoate (No. 72 of Table 2) of the headspace of a Chardonnay wine was observed when a WAX column was employed in 1D and a medium polar column was placed in the second dimension (2D, DB-17ms).102 Other aspect that should be taken into consideration is that polar columns are more prone to thermal and oxygen damage, resulting in a less robust performance than the one provided by non-polar columns.110 These facts provide other reasons for the use of non-polar columns in the first chromatographic dimension.

  The co-elution of ethyl sorbate (No. 51 of Table 2) and linalool (No. 96 of Table 2) in 1D is shown in Figure 3. The ethyl sorbate is produced due to addition of potassium sorbate, which forms sorbic acid during fermentation, which reacts with the ethyl alcohol of the sparkling wine via an esterification reaction. Potassium sorbate is used to inhibit molds and yeasts in many foods, such as cheese, wine, yogurt and fruit drinks. This salt has been used with sweet wines (as Moscato wine and Asti Spumante) in favor of their stability. The use of sorbic acid and its more soluble salt (potassium sorbate) is authorized in many countries, including Brazil, at a maximum concentration of 200 mg L-1.111–113 Ethyl sorbate has been found only in some samples (M7, M15 and M17, Table S1) because the addition of potassium sorbate is not performed in all wineries. Linalool was not identified using 1D-GC when ethyl sorbate was detected, as ethyl sorbate chromatographic area was higher than the area of linalool. These compounds co-eluted in 1D and were separated in 2D using GC×GC (Figure 3).
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  Detection and correct identification of linalool are important goals that have not been achieved with 1D-GC/MS 
    using the stationary phase employed in this work due to co-elution, as it is an oxygenated monoterpene that may contribute with the aroma of roses.105 On the other side, ethyl sorbate may negatively contribute to wine aroma as its odor has been described as celery.114 GC×GC/TOMS allowed the identification of this monoterpene, however the use of a polar stationary phase could be also an alternative for the separation of these compounds in 1D-GC/MS, as already mentioned for other co-elutions. Furthermore, the importance of the identification of linalool is related to the typical floral aroma that this terpene attributes to Moscato wines.2,25-27

  Linalool was found to be the predominant terpene in grapes of Moscatel de Grano Menudo variety cultivated in La Mancha Region, Spain26 and α-terpineol was a predominant terpene in Muscatel still wines produced in Valencia, Spain.25 Similar findings were observed in still wines obtained from Muscat grapes collected in the region included in the Denomination of Origin (DO) "Jerez-Xérèz-Sherry" (Spain)27 and in Sicilia region (Italy).28 It seems that linalol and α-terpineol are also among the terpenes considered as characteristic of these Spanish and Italian still wines27 and may also be considered as characteristic of the Brazilian Moscatel sparkling wines, as they are present in all samples investigated in this study.

  Multivariate analysis of volatile compounds of Moscatel sparkling wines

  Multivariate analysis was done using 1D-GC and GC×GC data in order to compare the potential of these two techniques to elucidate the main differences between Moscatel sparkling wines. Compounds with higher Fisher ratios for 1D-GC and GC×GC were used in the second stage of the statistical analysis (PCA). A PCA using the areas of all tentatively identified chromatographic peaks has not resulted in differentiation of the wine samples under study. In a second step, Fisher ratio was employed to select the most discriminating compounds in order to perform principal component analysis. Compounds used in PCA are presented in decreasing order of Fisher ratio in Table 3. Sorbate derivatives (sorbic acid, ethyl and butyl sorbate) were not included in multivariate analysis, since these compounds are not markers of Moscato grape or fermentation. These compounds are formed due to the addition of an antimicrobian additive called potassium sorbate, as previously mentioned.111 Furthermore, Table 3 shows the loadings that indicate the relative importance of each volatile compound for each wine that was distinguished from the other sparkling wines. Variables with higher loading values are the ones that significantly contributed to explain the factors and they are marked in bold letters in Table 3. Variables related to components 1 and 2 were positioned according to factor loadings in Figure 4.
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  Considering 1D-GC/MS data, compounds with higher Fisher ratio included: 2-phenylethyl acetate, propyl decanoate, 2-phenylethyl alcohol, propyl octanoate, α-terpineol and linalool (Table 3). A differentiation between M13, M17, M18, from other Moscatel sparkling wines can be observed in Figure 4a. The two principal components (PC) account for 89.13% of total variance of the data. PC1 was responsible for differentiation of the M13, M18 and PC2 was responsible for M17. Figure 4b shows the corresponding loading plot that indicates the relative importance of each volatile compound for each Moscatel sparkling wine. The variables with highest contribution to the first PC were 2-phenylethyl acetate, linalool, phenylethyl alcohol and α-terpineol. The second PC is correlated with propyl decanoate and propyl octanoate (Table 3).

  Principal component analysis was also performed with GC×GC/TOFMS data and acquired results partially confirmed those obtained by one-dimensional chromatography (Figure 4). The compounds with higher values of Fisher ratio in decreasing order were: nerol, menthol, linalool acetate, limonene and geraniol. A differentiation between M5, M13 and M17 Brazilian sparkling wines and other wines is observed in Figure 4c. The two PC account for 69.13% of total variance of the data. In this case, PC1 (represented by menthol, linalool acetate and nerol) was responsible for differentiation between M13 and others sparkling wine and PC2 (limonene and geraniol) was responsible for the differentiation of M5 and M17 from the other wines.

  Results found through statistical analyses of 1D-GC and GC×GC data may seem as contradictory information, as different compounds were pointed in both cases to account for differences among volatiles of Moscatel sparkling wines. Meanwhile, sparkling wine M18 has been distinguished from the other wines only when 1D-GC data was employed in the PCA. However, a more detailed investigation shows that all compounds responsible for the differentiation of M18 co-eluted with other compounds, according to Table 3 and were separated in the second chromatographic dimension. These co-elutions were: (i) 2-phenyl ethyl acetate and geraniol, (ii) 2-phenyl ethyl alcohol and myrcenol, (iii) linalool and ethyl sorbate, and (iv) a-terpineol and ethyl octanoate and octanoic acid. Some of these same compounds [linalool, 2-phenyl ethyl acetate, 2-phenyl ethyl alcohol, a-terpineol] were important for the distinction of M13 in the PCA of 1D-GC data, and this explains why this sparkling wine showed other volatile compounds as relevant for its differentiation in PCA based on GC×GC data. M13 has been distinguished from the other samples mainly due to the presence of nerol (odor described as floral/rose), linalool acetate (odor describe as floral/minty) and menthol. This sparkling wine probably showed a more intense floral note due to the presence of a higher relative amount of terpenes.105 Relative chromatographic area percentages of these terpenes were lower in others sparkling wines, as can be seen in Table S1. Some of them co-eluted with other compounds in 1D-GC, as in the case of nerol (No. 122 of Table 2, LTPIRexp = 1228; also Table 3), which co-eluted with citronellol (No. 123 of Table 2, LTPRIexp = 1228 also Table 3) and menthol (No. 115 of Table 2, LTPRIexp = 1172), which co-eluted with epoxylinalool (No. 114 of Table 2, LTPIRexp = 1172 also Table 3).

  Although the number of samples of Moscato Giallo and Moscato Bianco is small, an interesting aspect may be highlighted with respect to differentiation of Moscatel sparkling wines elaborated with these two grape varieties. Due to varietal contribution of terpenes and C13-norisoprenoids to Moscato wine aroma,1 these compounds were chosen to investigate possible grouping of Moscatel wines made with Moscato Giallo and Moscato Bianco grapes, using hierarchical cluster analysis (Figure 5). Compounds that allowed distinction between Giallo and Moscato samples due to their higher chromatographic areas were α-terpineol, linalool, vitispirane, β-damascenone, citronellol, nerol oxide, p-mentha-1,5-dien-8-ol, linalool oxide, geranyl acetone, hotrienol, Z-ocimenol, terpinolene, and methyl dihydrojasmonate. Future work will encompass a higher number of samples in order to reach the designation of variety markers for Moscatel sparkling wines of Serra Gaúcha.
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  Conclusions

  The chromatographic profile of the volatile fraction of 23 Moscatel sparkling wines, obtained by HS­SPME­1D­GC/MS 
    has proved to be similar in regards to qualitative and semi-quantitative analyses, which has indicated that there is a homogeneous volatile signature for 21 of the Brazilian Moscatel sparkling wines of various trademarks and also for two Italian Asti sparkling wines. Major classes of compounds, in terms of chromatographic area percentage, were esters, acids, alcohols and terpenes.

  The higher efficiency of GC×GC/TOFMS for this particular type of sample was verified through the higher number of compounds tentatively identified by GC×GC (two and a half times higher than with 1D-GC), as well as by the separation of partially co-eluted compounds in 1D-GC/MS. The principal component analysis of the volatile components that presented higher Fisher ratio also helped to show that the volatile profile of the majority of Moscatel sparkling wines is similar, considering both chromatographic techniques (1D-GC/MS and 
    GC×GC/TOFMS). Some of the potentially discriminating volatile compounds obtained by 1D-GC were not confirmed by the PCA resulting from GC×GC data, and this was clearly explained by the presence of some co-elutions of these compounds in 1D-GC. A preliminary hierarchical cluster analysis of terpenes and norisoprenoids of sparkling wines of Giallo and Bianco grape varieties showed that the Giallo grape seems to be richer in these compounds.

  These results open perspectives for future research of possible varietal indicators and markers of geographical location that may serve the purposes of certification, as well as quality control. It also show that 1D-GC/MS results may be biased and misleading. The choice of a chromatographic technique for the investigation of volatile compounds of sparkling wines is linked to the goal of the investigation, i.e., the GC×GC allows a more detailed study of volatile compounds of wines and would be the technique of choice for a non-target study of volatiles compounds of Moscatel sparkling wines. 1D-GC leads to preliminary results that may satisfy the interest of the wine industry in case co-eluting compounds are not the objective of the study. However, 1D-GC/MS results may be biased and misleading and GC×GC should be employed in first place to verify which are the varietal or geographical markers in order to guarantee the absence of co-elutions in 1D regarding target compounds. Whenever 1D-GC/MS is the only available analytical tool an optimized 1D-GC/MS method should be developed with an appropriate stationary phase and used in a second step, after GC×GC analysis, having the volatiles markers as a focus.
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    Two methods for determining the iodine value in vegetable oils are described. One employs mid-infrared (mid-IR) spectroscopy and the other uses hydrogen nuclear magnetic resonance (1H NMR). The determination of the iodine value is based on either the transmittance intensity of mid-IR signals or on the 1H NMR signal integration and multivariate calibration. Both of the methods showed adequate coefficients of determination (r2 = 0.9974 and 0.9978, respectively) when compared to Wijs method, which is recommended by the norm EN 14111. A statistical comparison between the results from the proposed methods and from Wijs method shows that both instrumental methods offer equivalent results and greater precisions compared to Wijs method. The regressions obtained from the constructed models were considered statistically significant and useful for making predictions. The proposed methods present several advantages compared to Wijs method because they significantly reduce analysis time, reagent consumption and waste generation. Furthermore, an analyst can choose between the mid-IR or 1H NMR to determine the iodine value.
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  Introduction

  Oils and fats have always been associated with their nutritional characteristics and considered as raw material for industrial processes. Thus, the characterization and quality control of these products have always been important. Currently, in addition to their use as food, oils represent renewable energy sources for the production of biodiesel, which further reinforces the importance of characterizing oils and assessing their quality.1

  Oils are essential reagents for biodiesel production. They are composed of triglycerides, and their transesterification with short-chain alcohols produces a mixture of long-chain monoesters (biodiesel) and glycerin as a byproduct.1-3

  Characterizing oils and biodiesel is relevant for identifying fraud, contamination or adulteration, in addition to evaluating their quality.4 The iodine value, a parameter that characterizes oils, fats and biodiesel, indicates the degree of unsaturation of these products.3-6

  It is expected that the composition of different vegetable oils derived from the same vegetable source may vary by geographic, climatic and other factors.7,8 However, vegetable oils are associated with average characteristic compositions. Therefore, it is possible to estimate a mean range for some characterizing parameters, such as the iodine value.9-11

  The iodine value is a measure of the number of double bonds in a sample. It specifies the mass of iodine (I2) consumed per 100 g of sample.6,12 The iodine value of oils depends on several factors, mainly on the quantity of carbon-to-carbon double bonds present in the sample. Additional factors that influence the iodine value are the storage conditions and the age of the oil, especially if the sample has undergone oxidation processes.12

  Considering that oxidation reactions also influence the iodine value, this index is directly related to another very important parameter in oils and in biodiesel, i.e., the oxidative stability.6,13 Oils and biodiesels with high degrees of unsaturation, and therefore with high iodine values, are more susceptible to oxidative degradation.5,13-16 Factors, such as high temperature and exposure to light, air and moisture, can promote the degradation of oils and biodiesels.14-16 One of the proposed reaction mechanisms of oxidation considers the removal of an allylic hydrogen.14-16 Based on that hypothesis, it can be readily understood that a molecule with a greater number of unsaturations would have a greater number of allylic hydrogens available to initiate oxidation reactions.

  One of the most used procedures to determine the iodine value is known as Wijs method.12 This method is described in the American Oil Chemists' Society Cd 1-25 method,17 and its use is determined by the norm EN 14111.18 It is based on the reagent ICl dissolved in glacial acetic acid.12,18 This mixture is known as Wijs reagent or Wijs solution. Wijs method yields analytical quality, however, the use of the pertinent reagent requires careful handling because of its toxicity.3 Moreover, this procedure is relatively expensive, slow, and it consumes a significant amount of reagents, producing wastes that require a specific treatment before they can be discarded. These facts become important when large numbers of determinations are to be performed. Therefore, a safer, faster, greener and lower-cost procedure to determine iodine value (or other important parameters, such as the acid number)2,19,20 is desirable.21

  In this work, two instrumental analytical methods are proposed to determine the iodine value; one uses mid-infrared (mid-IR) spectroscopy, and the other uses hydrogen nuclear magnetic resonance (1H NMR). These two techniques are widely used for the identification and characterization of organic compounds. From mid­IR spectroscopy, information is obtained about bond vibrations, while from 1H NMR, it is possible to extract data about the molecular, structural and geometric formulas of organic compounds.22

  It is known that oils can be formed by different types of esters. Based on this principle, Gopinath, Puhan and Nagarajan23 built a theoretical model that used a multiple linear regression method to predict the iodine value of different biodiesels from their fatty acid methyl ester composition. Because the composition of the different esters attached to glycerol in oils, including their unsaturations, can generate different responses in both mid-IR and 1H NMR techniques, the objective of the present work is to correlate these responses with the iodine value to develop two different methods for determining the iodine value.

  In this context, this work proposes classical multivariate calibration with mid-IR and 1H NMR signals for determining the iodine value. Once the multivariate model is built and updated regularly, it determines the iodine value in vegetable oils using safe and reliable procedures, while minimizing excessive experimental steps, analysis time, consumption of reagents and waste generation.

   

  Experimental

  Samples

  All vegetable oils were purchased in a local market or donated by the Laboratory of Extraction, Applied Thermodynamics and Equilibrium (Faculty of Food Engineering, Unicamp). Eleven different sources of oils were used in this study: sunflower (Helianthus annuus), canola (Brassica napus L. var. oleifera Moench), soybean (Glycine max), corn (Zea mays), Brazil nut (Bertholletia excelsia, Nobilis, Myrtaceae), cottonseed (Gossypium spp .), rice (Oryza sativa), golden flaxseed and brown flaxseed (Linum usitatissimum), sesame (Sesamum indicum) and a mixed oil of sesame and toasted sesame.

  Mid-IR spectra

  To acquire absorption spectra, each oil sample was applied as a film between two NaCl plates. The spectra were obtained in an MB102 Bomem Fourier tranform infrared (FTIR) spectrometer using the following experimental conditions: spectral width, 4000-600 cm-1; spectral resolution, 0.4 cm-1; number of scans, 16. Each spectrum was normalized from 0 to 1, dividing all points of the spectrum by the highest value, to mitigate the influence of the film thickness in signal intensities.

  1H NMR spectra

  All of the 1H NMR spectra were recorded in a Bruker Avance III 500 MHz NMR spectrometer. To obtain the spectra, 20 µL of each oil were dissolved in 600 µL of deuterated chloroform (CDCl3), containing tetramethylsilane (TMS) as an internal reference, using the following experimental conditions: spectral width, –4.00­16.00 ppm; spectral size, 32768 points; 90º pulse, 11.75 µs; delay, 5 s and number of scans, 16.

  Iodine value determination by the Wijs method (EN-14111-2003)18

  An aliquot of the oil sample (0.13-0.15 g) was weighed to the nearest 0.001 g and dissolved in a 500 mL Erlenmeyer flask using 20 mL of solvent (prepared by mixing equal volumes of cyclohexane and glacial acetic acid) and 25 mL of Wijs solution. This solution was allowed to rest for 1 h in the dark with a blank prepared in the same manner except that it did not contain any sample. Then, 20 mL of potassium iodide solution (100 g L-1) and 150 mL of distilled water were added. Titration with standardized 0.1 mol L-1 sodium thiosulfate solution using a 50 mL digital manual burette was carried out until the solution was a pale yellow color. Then, 3 mL of a starch solution was added. The titration was continued until the blue color disappeared. The iodine value (g of iodine per 100 g of oil) is given by equation 1:

  
    [image: Equation 1]

  

  where C is the exact concentration (mol L-1) of the standard sodium thiosulfate solution; V1 is the volume (mL) of standard sodium thiosulfate solution used for blank test; V2 is the volume (mL) of standard sodium thiosulfate solution used for sample titration; and m is the mass (g) of the oil sample.

   

  Results and Discussion

  The iodine values obtained by Wijs method for eleven oil samples ranged from 97.0 to 187.1 g per 100 g of oil. The Brazil nut oil sample presented the lowest iodine value, and the golden flaxseed oil the largest. The range between these two samples was the working range used to build the multivariable calibration model.

  All of the iodine values obtained in this work are in agreement with the data given in the literature.9 In other words, all of the iodine values are within the expected average range for each source. For example, according to the literature9 it is expected for soybean oil an iodine value between 118 and 139 g per 100 g, and the iodine value for the sample analyzed in this work by Wijs method was 130.4 g per 100 g.

  Figures 1 and 2 show the assignments of mid-IR and 1H NMR signals, respectively.

  
    

    [image: Figure 1. Assignment of observed absorption peaks]

  

  
    

    [image: Figure 2. Assignment of hydrogens in the 1H NMR]

  

  To develop the methods using mid-IR and 1H NMR techniques, six mid-IR signals and five 1H NMR signals were chosen to provide further differentiation between the structures of the samples. These signals were mainly related to the double bonds, the positions of the double bonds, and the size of the carbon chains of the esters.

  The wavenumbers of the selected mid-IR signals were 721, 1465, 1651, 2854, 2925 and 3008 cm-1. The transmittance intensity values (T) of these signals were considered as variables to build the multivariate model.

  For the 1H NMR spectra, the chemical shifts of the five selected signals were 0.99, 1.30, 2.00, 2.80 and 5.40 ppm. All of the signals in the spectra were integrated, and the integral of the signals at around 4.25 ppm was calibrated to 4.00, as those signals represent H-1 and H-3 of the glycerol, totaling four hydrogens. The calibrated values of the integral (I) of the five selected signals were used to perform the multivariate calibration. For the signal at 5.40 ppm, the resulting integral value was decreased by one unit because this signal contains the methylene hydrogen of H-2 of glycerol together with the olefinic hydrogen signals. Thus, only the olefinic hydrogens are taken into account at 5.40 ppm because the methylenic hydrogen H-2 of glycerol does not vary among samples.

  For classical multivariate calibration, the data are organized in matrices. The y matrix is a column matrix that has the property of interest that is desired to be calibrated (in this case, the iodine value obtained by Wijs method), where each row represents one sample. As eleven oil samples were used, there are 11 rows in this matrix.

  In the X matrix, the obtained experimental data are organized for all samples (rows) for each variable (column). Six mid-IR signals or five 1H NMR were used as variables. The iodine value was calibrated separately using mid-IR or 1H NMR data, which generated two methods for determining the iodine value, each using one of the mentioned spectroscopic techniques.

  Once the y and X matrices are organized, the classical multivariable calibration is achieved by equation 2, where β matrix represents the coefficients that define the location of the line:24,25

  
    [image: Equation 2]

  

  In this context, the objective is to find the β constant values, and for this, it is necessary to isolate the β matrix from the matrix calculations (equation 3):24,25

  
    [image: Equation 3]

  

  After obtaining the constants contained in this matrix, it is possible to express the iodine value based on the selected variables. Equations 4 and 5 show the general expressions for the iodine value (IV) from the mid-IR and 1H NMR data, respectively.

  
    [image: Equation 4]
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  where IV is the iodine value; β is a constant value related to the variable indicated in the subindex; T is the transmittance intensity value at the wavenumber indicated in the subindex; and I is the integration of the signal at the chemical shift indicated in the subindex.

  Table 1 presents the β constants values with the related variables for the models built with the mid-IR and 1H NMR spectra.
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  As the number of unsaturations in the oil increased, the transmittance values at 1651 and 3008 cm-1 decreased (i.e., an increase of the absorbance). This results in a higher iodine value and it is reflected in the negative values of β3 and β6, as noted in Table 1. Moreover, the low transmittance intensity related to the asymmetric stretching of –CH2– groups (2925 cm-1) is also related to a higher iodine value, as indicated by the negative β5.

  The data in Table 1 show also that an increased number of olefinic hydrogens (5.40 ppm) implied an increase of the iodine value, indicated by the positive value of β1. The other signals contributed to a lower iodine value, especially the hydrogens from long-chain monoesters (1.30 ppm).

  After constructing the models, the samples were tested. Table 2 shows comparisons of the results obtained by multivariate calibrations versus the results obtained by Wijs method. Table 2 lists the iodine values predicted by mid­IR and by 1H NMR of eleven different vegetable oils, and agreement can be observed with the results obtained by Wijs method.
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  The accuracy of the two proposed methods was verified by calculating the relative error of each sample, considering the results obtained by the Wijs method as the true values. The mid-IR method showed results with differences in relation to the Wijs method between zero and 2.6% and the 1H NMR method between 0.2 and 2.1%. In terms of precision, the Wijs method generated results with relative standard deviation (RSD) ranging from 0.7 to 4.8% (mean RSD = 3.0%), while the range for the mid-IR and 1H NMR methods were 0.1 to 3.3% (mean RSD = 1.7%) and 0.4 to 6.9% (mean RSD = 1.5%), respectively.

  The statistical paired Student's t-test at a 95% confidence level was performed, and the results (Table 3) indicate complete agreement between both of the two proposed methods and Wijs method. Snedecor's F-test (Table 3) shows that, considering the mean of the relative standard deviation, the proposed methods tended to be more precise than the Wijs procedure.
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  The t calculated values that are shown in Table 3 clearly indicate that, at the confidence level of 95%, all results obtained with the two proposed methods were statistically equivalent to the results obtained with Wijs method. With respect to the precision, some high F values were observed: brow flaxseed for the comparison with mid-IR; and canola, sesame + toasted sesame, soybean and sunflower for the comparison with 1H NMR. In all of those cases, the high F values were consequences of the results obtained with Wijs method having higher standard deviations, meaning that the proposed methods were more precise than Wijs method.

  The results show the adequacy of the multivariate calibrations constructed from mid-IR and 1H NMR data. In order to confirm the adequacy of the model, an analysis of the variance was performed according to Barros Neto, Scarminio and Bruns24 and Box and Draper,25 considering each regression as a whole.

  Assuming that errors follow a normal distribution, the mean squares can be used to test whether the regression equation is statistically significant. When β = 0, there is no correlation between X and y, and it has been demonstrated that the ratio of the mean squares follows an F distribution (equation 6):24,25
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  where MSR is the mean square related to regression; MSr is the mean square related to residual; νR is the degree of freedom related to regression; and νr is the degree of freedom related to residual.

  As equation 6 is only valid for β = 0, this null hypothesis can be tested by using the calculated value of MSR / MSr and comparing it with tabled values at an appropriate confidence level. If it is verified that MSR / MSr > F, the hypothesis of β = 0 must be discarded, showing that there is enough evidence that a linear correlation exists between the variables X and y.24,25

  All of the analysis of variance results are presented in Table 4. The multivariable correlations provided as coefficient of determination (r2) 0.9974 and 0.9978 for mid-IR and 1H NMR, respectively.
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  Both of the constructed regressions have a higher value of MSR / MSr compared with the F critical value at a 95% confidence level, indicating that the regression equations are statistically significant. However, a correlation considered as significant by the F-test is not always useful for making predictions because the range of variation covered by the studied factors could be too small. The regression is useful for making predictions when MSR / MSr is at least ten times the value of the F distribution with the appropriate degrees of freedom at the selected confidence level.24,25

  The calculated F for the regression by mid-IR was more than 76 times the F critical value, and for the regression by 1H NMR, this number was even higher, 152 times larger than its respective F critical value. Thus, in addition to the regression equations being statistically significant, both of the regressions are considered useful for making predictions.

  All these results demonstrate that the multivariate calibration models with mid-IR or 1H NMR can be a safe and reliable alternative to Wijs method. A comparison among the three methods reveals that the two proposed methods are much faster, use a smaller amount of reagents/solvents and generate less waste compared with Wijs method. Therefore, the proposed methods can be considered to adhere to the principles of green chemistry.

  There are other reports in the literature involving iodine value determination by 1H NMR,4,5,27 although they do not consider the experimental values obtained by Wijs method. The iodine value determination is based on a theoretical average molar mass derived from 1H NMR.4,5,27 While these methods do not require a calibration curve, they may predict different results compared with those obtained by Wijs method. This difference can occur because not every double bond is reactive to iodine (conjugated double bonds are not),3 but all olefinic hydrogens are sensitive to 1H NMR spectroscopy. The proposed method using 1H NMR reported here does not encounter this problem because the experimental iodine value (obtained by Wijs method) is considered in the multivariable regression.

  Other methods that use mid-IR or near-IR to determine iodine value are also reported in the literature; however, they employ more sophisticated calculations from chemometrics tools, which require appropriate software.28-32

   

  Conclusions

  This study demonstrated correlations between mid-IR and 1H NMR data with iodine values. Once the model (with mid-IR or 1H NMR) was built and implemented, the model demonstrated several advantages compared with Wijs method, such as the readiness of analysis with the possibility of automating the system, significant reduction in reagent consumption, and consequently low waste generation, all of which emphasize the green character of the methods.

  Both multivariate calibrations have been shown to perform well and represent simple alternative methods of determining iodine value. Moreover, with mid-IR and 1H NMR techniques, it is still possible to extract additional information on the character and quality of the oil samples. We highlight the results with mid-IR because this is a technique with a relatively low-cost spectrometer and low maintenance costs, and it is not necessary to solubilize the sample, unlike with 1H NMR.
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    Polycyclic aromatic hydrocarbons (PAHs) were identified and quantified in samples of superficial sediments of the Negro River, in the Amazon region of Brazil, through analyses performed by GC/MS. Total PAH concentration that includes parent and alkylated PAHs ranged from 6.5 to 5348 ng g-1 of dry weight. The Σ16 PAHs prioritized in environmental studies by the U.S. Environmental Protection Agency (USEPA) ranged from 5.6 to 1187 ng g-1. The most contaminated places were those where muddy sediments were found, with the highest concentrations of organic matter, carbon and total nitrogen. The priority PAHs with high molecular weight represented 70% of the total abundance and showed that the main source of contamination of the sediments was pyrogenic. However, petrogenic PAHs coming from oil and derivatives input is also an important contamination source to be considered.
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  Introduction

  The polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental pollutants with approximately 100 different types distributed in the environment.1 These compounds are formed during the thermal decomposition of organic molecules with the subsequent recombinations.2 Although PAHs may also be formed from natural sources, the burning of fossil fuels and the residues from industrial activities, in addition to chronic or accidental introduction of oil and its derivatives, contribute to their occurrence in the environment. Therefore PAHs have become an important class of xenobiotics accumulating in the soil and sediments.3-6 The natural source can be associated to short term diagenetic degradation and to a direct biosynthesis by organisms.7-9

  PAHs are classified as persistent toxic substances; even in low concentrations, they may jeopardize human health as well as the environment.1 The U.S. Environmental Protection Agency (USEPA) has classified a group of 16 individual PAHs as primary pollutants due to their toxicity, mutagenicity, and carcinogenicity.10-12 Among these 16 primary pollutant PAHs, seven are considered to be carcinogens: chrysene, benzo(a)anthracene, benzo(a)pyrene, dibenzo(a,h)anthracene, indeno(1,2,3-cd)pyrene, benzo(b)fluoranthene, and benzo(k)fluoranthene.13,14

  By analyzing the profiles of the PAHs found in an environmental matrix, it is possible to infer the main sources of these compounds (pyrolytic, petrogenic or diagenetic) because of the different PAH distribution pattern. For example, the low molecular weight (LMW) PAHs with 2 to 3 aromatic rings are predominant in petrogenic sources. The PAHs of high molecular weight (HMW), i.e., those with four to six aromatic rings, are most important in pyrogenic sources.15 Some PAH isomers ratios can also be used to evaluate the sources.16 However, those ratios should be used with caution, as their values may change during the environmental fate of these compounds. PAH distribution in the environment are influenced by the different factors such as physicochemical properties of some PAH, and chemical or biological reactivity, that can modify the original composition of the source.17-19

  In Brazil, the studies concerning the presence and accumulation of environmental pollutants have taken place mainly in the southeast area; in the north region, such studies are only incipient. In the rivers of the Amazon region, a few observations are mentioned in the literature indicating high concentrations of mercury,20 the influence of the organochlorine insecticide DDT on aquatic animals and people living by the rivers21 and the contamination of an aquifer by oil hydrocarbons.22 For research studies concerning the presence of PAHs in the Amazon region, there are just few reports of studies carried out in the atmosphere,23 in a dry land environment, and in flooded forests ("igapós") of the Amazon basin.8,9,24 In the Amazon State, the Negro River, which flows along the edge of the Manaus city, has several ports, shipyards and petrol stations due to intense navigation, activity that has great economic importance for the region. This activity can contribute to the input of PAH in the environment. Thus, studies concerning the presence and accumulation of these compounds in sediment are important to mitigate environmental impacts and reduce the damage to human health.

  With those facts in mind, this work aimed to determine the concentration and profile of PAHs in samples of superficial sediments of different regions of the Negro River as well as to indicate the main sources contributing to the entrance of those compounds into the environment.

   

  Experimental

  Methodology

  The Negro River, located in the Amazon State of Brazil, is the largest tributary stream of the left bank of the Amazon River, with a length of 1.7 km and drains an area corresponding to 10% of the Amazon basin. Its formation is influenced by the weathering processes of sandy soils of the Central Amazon basin. The Negro River is characterized by dark waters, nutrient-poor sediments, significant quantities of dissolved humic substances, and an acidic pH, with values between 3.8 and 4.9.20,25 Two different hydrologic seasons characterize the region: the dry period (from May to October) and the rainy season (from November to April). During the dry season, the river water level was once verified to be only 1 meter above sea level, whereas during the rainy season, that level was verified to be 29.97 meters above sea level.26

  This study was carried out in three navigable regions of the Negro River (Figure 1, Table 1), encompassing six different localities: (i) close to the Tupé Sustainable Development Reserve (TR); (ii) the mouth of the São Raimundo basin (SR), modern Manaus port (MM) and Panair port (PA) located on the left bank and Iranduba (IR) on the right bank of the river; (iii) Ceasa port region (CE). The TR region is far from the Manaus urban center and is surrounded by native vegetation. In SR, domestic sewage from the São Raimundo upland stream and the activities of small fishing vessels are found. The sampling sites in MM and PA are located in the urban center of the Manaus city, in the vicinities of street markets with commercial activities and the presence of small, medium, and large ships. In IR, a region encircled by grasses, the influence of vessel activity is smaller, and there is no urban activity. The CE region is characterized by anthropic commercial activities, the presence of vessels of small and medium sizes and proximity to the Manaus industrial sector.

  
    

    [image: Figure 1. Sampling sites of superficial sediment]

  

  
    

    [image: Table 1. Identification of the superficial sediment sampling]

  

  Sample collection

  Three superficial sediment samples were taken in each locality during the period of August, October, and November, 2012 (regions 2 and 3) and May, 2013 (region 1) (Table 1). Samples were taken with the help of a stainless steel Van Veen dredger, with an area of 26 × 15 cm. The samples were kept at the temperature of -20 ºC and then submitted to freeze-drying process for a period of 48 h.

  Physicochemical analyses of the sediment

  The lyophilized samples were used to determine granulometry by the pipetting dispersion method. The content of organic carbon (OC) was determined by organic matter oxidation with potassium dichromate in a sulfuric medium such as the method proposed by Walkley-Black.27 To determine organic matter (OM), OC concentration was multiplied by 1.724. This factor was used because carbon contributes 58% to the mean composition of humus. The concentration of total nitrogen (TN) was determined following the procedure developed by Kjeldahl.27 The results are presented in percentage.

  Quantitative analysis of the polycyclic aromatic hydrocarbons (PAHs)

  Sample extraction

  The extraction procedure and the purification and separation methods used in the sediment samples were based on the United Nations Environmental Program28 with adaptations for studying environmental contaminants.29 Amounts of 25 g of the sediment samples were used to extract the PAHs in a Soxhlet apparatus for 8 h using hexane/dichloromethane J. T. Baker, (Center Valley, PA, USA) (1:1, v/v). The solvent was concentrated in a rotary evaporator to a volume of 1 mL. The extract was fractionated by adsorption in an alumina column with silica gel when the aliphatic hydrocarbons were separated with 10 mL of n-hexane (fraction 1) and the PAHs (fraction 2) with 15 mL of dichloromethane/n-hexane 3:7 (v/v). Fraction 2 was concentrated in a rotary evaporator to a volume of 1 mL. Each fraction was analyzed by gas chromatography/mass spectrometry (GC/MS).

  Conditions of the GC/MS

  The analyses were performed using a gas chromatograph model 6890 attached to a mass spectrometer model 5973N (GC/MS) both pieces of equipment from the Agilent Technologies (Santa Clara, CA, USA). For the separation of the compounds, a capillary column (30 m × 0.25 mm, 0.25 µm film thickness) HP5MS (also from Agilent Technologies) was used. The temperature ramp for the analyses of the PAHs started at 40 ºC with an increase in the warming rate from 20 ºC up to 60 ºC and at 5 ºC min-1 up to 290 ºC, where the temperature was held for 5 min, then increased at 10 ºC min-1 up to 300 ºC, where the temperature was kept constant for 10 min. Helium gas was used as the carrier. Acquisition of data was carried out using the selected ion monitoring (SIM). A volume of 1 µL of each sample was injected using the splitless method. The individual identification of the compounds was based on their retention time in comparison with those of the standards and on the ratio mass to charge (m/z) of the quantitation ion of each compound.

  Internal standards and method validation

  The PAH standards used as surrogates were the following: naphthalene-d10, acenaphthylene-d10, phenanthrene-d10, chrysene-d12, and perylene-d12 from AccuStandard (New Haven, CT, USA). The recovery of the surrogate standards for all the samples ranged from 80 to 120% and correction was applied. The limit of detection (LOD) of the analytical method for the analyzed compounds was between 1.00 to 3.70 ng g-1. The analytical curve was determined through the injection of the reference standards in at least five different concentrations. The monitored PAHs were: naphthalene (Nap), methylnaphthalene (Met­Nap), ethylnaphthalene (Etil-Nap), dimethylnaphthalene (Dimet-Nap), trimethylnaphthalene (Trimet-Nap), acenaphthene (Ace), acenaphthylene (Acft), biphenyl (Bif), dibenzothiophene (DBT), methyldibenzothiophene (Met-DBT), dimethyldibenzothiophene (Dimet-DBT), anthracene (Ant), phenanthrene (Phe), methylphenanthrene (Met-Phe), fluorene (Fluo), methylfluorene (Met-Fluo), dimethylfluorene (Dimet-Fluo), fluoranthene (Flt), methylfluoranthene (Met-Flt), retene (Ret), pyrene (Py), methylpyrene (Met-Py), chrysene (Chry), methylchrysene (Met-Chry), dimethylchrysene (Dimet-Chry), benzo(a)anthracene (BaA), benzo(a)pyrene (BaP), benzo(e)pyrene (BeP), benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF), benzo(j)fluoranthene (BjF), benzo(c)phenanthrene (BcPhe), benzo(g,h,i)perylene (BghiP), benzo(b)chrysene (BbChry), dibenzo(a,h)anthracene (DBA), perylene (Per), indeno[1,2,3-cd]pyrene (InP) and coronene (Cor).

  Data analysis

  Individual parent and alkylated PAHs are listed in Table 3 as well as their sum (total ∑PAHs) and PAHs determined as priority by USEPA (Nap, Ace, Acft, Fluo, Phe, Ant, Flt, Py, BaA, Chry, BbF, BkF, BaP, InP, DBA, BghiP = ∑16PAHs).

  Application of the diagnostic ratio (DR) index among PAHs

  To indicate the main source of contamination, the following diagnostic ratios (DRs) were used: ratio of the low molecular weight PAH (Nap, Ace, Acft, Fluo, Ant and Phe = LMW) and high molecular weight PAH (Flt, Py, Chry, BaA, BaP, BbF, BkF, BghiP, DBA and InP = HMW) (LMW/HMW); between pairs of the isomers Flt and Py (MW 202) (Flt/[Flt + Py]), pairs of the isomers BghiP and InP (MW 276) (InP/[InP + BghiP]); relationship between the isomers 202 and the same alkylated C1Py (C0/[C0 + C1]Flt/Py) and the sum of the parent PAHs with masses 128 (Nap), 178 (Ant, Phe), 202 (Flt, Py) and 228 (Chry, BaA) divided by these parent PAHs plus their related alkyl PAHs (Met-Nap, Etil-Nap, Dimet-Nap, Trimet-Nap, Met-Phe, Met-Flt, Met-Py, Met-Chry and Dimet-Chry) (Par/[Par + Alkyl]). The correlations between LMW/HMW versus InP/(InP + BghiP), C0/[C0 + C1]Flt/Py and Par/(Par + Alkyl) were performed respectively and Flt/(Flt + Py) versus InP/(InP + BghiP), C0/[C0 + C1]Flt/Py and Par/(Par + Alkyl) were also used with the same objective.16,30-33

   

  Results and Discussion

  Physicochemical composition of the superficial sediments

  The data concerning the physicochemical aspects of the samples taken from the Negro River sediments are shown in Table 2. A general result was that the sediment samples were essentially sandy (84.30 to 98.90%) excepting the SR1, PA1, PA2, CE1, CE3, and the three sites in Iranduba (IR), that presented predominance of mud (37.70 to 83.10%). Most of the sampling station showed low levels of OM, OC, and TN (Table 2), such as presented in literature data20 that showed Negro River sediments as sandy and poor in nutrients. Sites situated along the Manaus city shore (SR1, CE3, CE1 and PA2) have heavy port activity and showed the highest concentrations of OM (6.23 to 11.06%), OC (3.62 to 6.43%), and TN (0.36 to 0.43%). These results may be associated with the entrance of organic matter (macro- and micronutrients) from several anthropic activities in that urbanized region. In addition, most of the watercrafts anchored at the river shore do not exhibit sewage treatment systems and can contribute with sewage to sediment. In the SR region, the sample collecting sites were at the São Raimundo basin mouth, one of the largest urban tributaries and receptors of domestic sewage in the Manaus city. This environment has already been classified as showing low levels of dissolved oxygen with values close to anoxia,34 indicating the consumption of oxygen by aerobic bacteria of fecal origin. The amount of domestic sewage has a significant influence on the levels of organic carbon in the sediments, causing structural and quality alterations.35,36 Two sampling sites in the Iranduba region (IR2 and IR3) also showed, respectively, considerable OM concentrations (4.36 and 4.1%), OC (2.54 and 2.39%), and TN (0.21 and 0.20%) (Table 2), most likely due to the verified entrance and deposition of plant material at those sample collecting sites. This material, after encountering the processes of leaching, conditioning, and fragmentation, makes nutrients available to the sediment.37 The results indicate that the places with predominance of mud structure tend to store the largest concentrations of organic matter and nutrients, mainly when compared to the other sites, such as SR2, MM1, MM2, MM3, and PA3. These places, notwithstanding the intense anthropic activity because of the port activity, showed low concentrations of OM, OC, and TN and sediments predominantly sandy in texture (> 84%) (Table 2).
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  PAH concentrations in superficial sediments

  The concentration of the individual PAHs and the total concentration per sampling sites (total ∑PAHs, ∑16PAHs, and alkylated PAHs) are shown in Table 3. The concentration of total ∑PAHs per sampling station varied between 6.5 and 5348.3 ng g-1 of dry weight. The concentration of USEPA priority ∑PAHs varied between 5.6 and 1187 ng g-1, and alkylated PAHs varied between 13.5 and 3780 ng g-1 (Figure 2).
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  The highest concentrations of total PAHs were observed in port regions such as SR1 (5348.3 ng g-1), CE1 (26149 ng g-1), SR3 (2528.5 ng g-1), CE3 (2332.6 ng g-1), MM3 (2283.4 ng g-1) and PA2 (995.5 ng g-1). These same places, with the exception of PA2, also showed the highest concentrations of USEPA priority ∑16 PAHs, thus confirming that those sites are the most impacted by contamination by PAHs: SR1 (1187 ng g-1), SR3 (1354 ng g-1), MM3 (601 ng g-1), CE3 (529 ng g-1), and CE1 (407 ng g-1). The alkylated PAHs were high at SR1 (3780.9 ng g-1), CE1 (1879.9 ng g-1), and SR3 (854 ng g-1) and PA2 (676.4 ng g-1). Sites TR1, TR2 and TR3 showed the lowest concentrations of the different groups of analyzed PAHs (6.5 to 22.6 ng g-1). At TR2, these compounds were not found (< LOD). The sampling sites in Iranduba also showed relatively low concentrations of PAHs at IR1 (5.6 to 22.8 ng g-1) and IR3 (12.0 to 60.3 ng g-1), with the exception of IR2, with a concentration of 1208 ng g-1 of total ∑PAHs, but the PAH that contributed most to the significant concentration in IR2 was perylene, a PAH of biogenic or diagenetic origin.7,38,39

  The ∑16 PAH concentrations found in the sediments of the Negro River region, which is under a heavy influence of urban and port activities, can be compared with those reported by other studies performed in fluvial systems where similar anthropic activities are routinely carried out (Table 4).
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  The Iguaçu River Basin sediment samples showed concentrations between 131 and 1713 ng g-1.40 In the state of South Carolina, USA, the Cooper River,41 close to urban areas, showed a variation of 1460 to 1840 ng g-1 and the Arc River in France showed concentrations between 151 and 1257 ng g-1,42 that are close to the values reported in this work. However, research observations in several places on the globe reveal PAH concentrations still higher, such as the concentrations found in the River Dalião in China (103-2790 ng g-1),43 and Ashley (3950-2790 ng g-1), in South Carolina (USA).41 In Brazil, the studies were undertaken at various locations: at the basin of the Paraiba do Sul River (4955-5354 ng g-1),44 in the Guandu River in the state of Rio de Janeiro (15 to 8156 ng g-1),5 rivers, swamps, and waterfalls in the vicinity of the National Parks of the Southeast region (4-2430 ng g-1),45 and the Paraiba do Sul River (5113 to 40.773 ng g-1)5 (Table 4). All these places are exposed to domestic or industrial sewage in addition to the vehicular activity of the great cities and, in some cases, plant burning for agricultural purposes, factors capable of maximizing the deposition of PAHs in sediments.

  The degree of sediment contamination may be evaluated based on the concentration of the 16 priority PAHs, as determined by the USEPA. Environments may be classified as "highly contaminated" when their concentration of ∑16 PAHs is above 500 ng g-1, "moderately contaminated" when that concentration is between 250 and 500 ng g-1, and "weakly contaminated" when that observed concentration is below 250 ng g-1.15,43,46-48 Among the samples evaluated in this study, four sites were classified as highly contaminated (SR1, SR3, MM3, and CE3), two as moderately contaminated (PA1 and CE1) and seven as weakly contaminated (IR2, SR2, PA2, PA3, MM1, MM2, and CE2). The sampling sites in TR and IR were not used to assess the degree and source of contamination (except IR2) because they have very low concentrations of ∑16 PAHs. All of the environments classified as highly and moderately contaminated are situated on the shore of the Manaus city and show high navigation activity with direct contamination sources of little spillages of oil derivatives and fossil fuel combustion processes that produce and liberate PAHs that, in association with organic particles in suspension, tend to accumulate in the sediments. The Captaincy Fluvial in the Western Amazon has a total of 13.676 vessels registered for the river activity around the city of Manaus, a fact that contributes to PAH entry in this region. The sites showing the lowest PAH levels are those with lowest anthropic input. Sites PA2, PA3, MM1, MM2, and CE2 did not present high concentrations but it is possible to attribute PAH input to port activity and urban sewage.

  Based on a general view of the PAH concentrations in the study area, it was possible to observe that the stations SR1, SR3, CE1, and CE3, which displayed the highest PAH concentrations, were also the sites with the highest concentrations of OM, OC, and TN. The organic matter content of the sediments is one of the main factors determining the levels and distribution of PAHs.5,49,50 In the sites mentioned, the sediments are composed mainly by mud, thus showing that granulometry is also an important factor influencing the PAH concentration in environmental samples. Several studies confirmed the hypothesis that the PAH concentration tends to be higher in soil and sediments with predominance of mud presented relatively higher concentrations of PAH.49,51 Samples with predominance of sand in their composition, such as PA3, MM1, MM2, and CE2, were classified as weakly contaminated with the exception of PA2, where the texture was mixed, and this observation is also in agreement with the literature. However, there were predominantly sandy regions in the Negro River such as SR3 and MM3 (88 and 94% sand, respectively), which also showed high priority PAH contamination. Among other factors, the proximity to polluting sources may be even more important than the concentration of total carbon and granulometry to explain the variability in the PAH concentrations.44 In addition, the mineral composition of the surface of the particles found in sediments may be a factor that favors the accumulation of PAHs.51

  PAH profile

  Among the PAHs examined, perylene was the most abundant (19.9%), followed by Dimet-Phe (9.9%), Trimet­Nap (7.8%), and Met-Phe (6.8%). Perylene is a diagenetic PAH, resulting from biological processes in the initial stages of diagenesis in sediments or starting from terrestrial plants38,39,47 and has also been mentioned as a good indicator of the biological synthesis of PAHs.45 In studies concerning environmental contamination, perylene concentration should therefore be discarded. In this work, most of the sampling sites did not show significant differences between the total ∑PAHs with perylene and total ∑PAHs without perylene, with the exception of MM3, IR2, and CE3 (Table 3). According to the literature,49 the occurrence of perylene at levels > 10% of total ∑PAHs is attributed to natural sources as observed in sites IR2 (88.2%), CE3 (53.2%), MM3 (44.6%), IR3 (16.8%), and CE2 (13.9%), mainly because of plant material such as grasses in the margins of the Porto da Ceasa region, shrubbery in Iranduba, and floating macrophytes close to the margins of the Manaus Moderna Port found in those regions.

  The methylated PAH compounds of low molecular weight are known to be constituents of fossil fuels.13 The abundance of those compounds in sediment samples from some sampling sites is another indication that there was recent contamination by spillage of oil derivatives. In this study, some sites classified as highly contaminated (SR1, CE1, and SR3) showed high concentrations of alkylated PAHs (854 to 3780.9 ng g-1). These sites have port activity and the presence of several vessels anchored to the Negro River shore, and these circumstances may have resulted in eventual oil spillages.

  Among the 16 priority PAHs as defined by the USEPA, the most abundant were BghiP (15.35%), Nap (13.52%), InP (12.59%), Py (12.29%), Phe (9.0%), and Chry (8.40%). High molecular weight PAHs (four to six aromatic rings) that are part of the priority pollutants as determined by the USEPA and that are the most persistent in the environment represents nearly 70% of the total PAHs found in this work. The sites classified as highly impacted in this study (SR1, SR3, MM3, and CE3) showed considerable levels of BghiP (112.9 to 213 ng g-1) and InP (60 to 194.6 ng g-1). Compounds such as BghiP, DBA, and InP are predominantly found in areas under intense urban and industrial impact, mainly because of the combustion of oil products.40 In urban areas, soil drainage systems also contribute to significant increments in PAH sources such as asphaltic surfaces and tire wear.16,40,48 The high molecular weight PAHs are of pyrolytic origin, formed mainly during combustion processes and transferred to the aquatic environments by runoff water or atmospheric deposition,48 such as occurred in the study area that showed PAHs coming from combustion of oil derivatives, vehicle and vessel activities and input from urban effluents. The Nap and Phe are classified as petrogenic, whereas Py and Chry usually result from pyrolysis processes.4 The presence of Phe, Fluo, Py, and Nap may also be due to contamination of the sediments by domestic sewage.36 In this study, environments receiving high amounts of domestic sewage such as SR1 and SR3 were also the environments presenting the highest concentrations of Nap (169.2 to 178.8 ng g-1), Phe (76 to 187.5 ng g-1) and Py (153.1 to 238.7 ng g-1).

  PAHs and contamination sources

  PAH sources in the environment can be identified using DRs.15,16,19 The use of DRs has been utilized and indicated by to be helpful in many researches that analysed PAHs in several matrices, such as particulate matter in water52 or river,30,31,46 lagoon,53 marine54 sediments and atmosphere.55 However, it is required have knowledge of PAH sources and fate around the study area for a more robust interpretation.16 Thus, DRs used in this study aimed to enter the different classes of PAHs mentioned in the results and some isomers, for accurate distinction between the indication petrogenic or pyrogenic sources for the different sampling sites.

  The ratio LMW/HMW with indices < 1 indicates a pyrogenic contribution and indices > 1 indicates a petrogenic contamination.15 For the diagnostic ratio 
    Flt/(Flt + Py), values < 0.40 correspond to pollution by oil and > 0.50 are characteristic of grass, wood or coal combustion. However, the values between 0.40 and 0.50 are related to the combustion of oil products employed by vehicles. For the relationship between InP/(InP + BghiP) values with indices lower than 0.20 indicate large amounts of spilled oil. Values from 0.20 to 0.50 characterize the combustion of petrochemical fuels; values larger than 0.50 indicate combustion of wood, plants or coal.16 The ratio 
    C0/(C0 + C1)Flt/Py use the isomers with mass 202. Values > 0.50 indicate grass, wood or coal combustion, and values below 0.50 for petrogenic source.16,32,33 For 
    Par/(Par + Alkyl), values < 0.30 are indicative of petrogenic source and values > 0.50 are indicative of petroleum burning, coal and wood combustion.33 The index results previously mentioned for the determination of the main sources of PAH contamination in sediments of the Negro River are described in Table 5.

  
    

    [image: Table 5. Diagnostics ratios found in the literature and in this work]

  

  Making use of the ratio LMW/HMW,15 it was possible to observe that all the environments receive a larger contribution of pyrogenic contamination. Using the ratio Flt/(Flt + Py),16 most of the sampling sites indicated vehicle combustion of fossil fuels (values between 0.40 and 0.50), with the exception SR1, PA3, and CE1 that showed petrogenic sources as the most important source of contamination. However, the sampling sites SR2 and MM3 indicated grass, wood and coal combustion. The ratio InP/(InP + BghiP)16 showed pyrogenic sources of contamination in all of the environments, mainly by the combustion of fossil fuels, except SR3, MM1, and MM2, which were characterized by biomass burning (wood, plant or coal), possibly influenced by urban activities. The ratio C0/(C0 + C1)Flt/Py16 showed values higher than 0.50, indicating predominance of pyrogenic sources in all locations. However, the values obtained by the ratio 
    Par/(Par + Alkyl)33 show the existence of petrogenic input, result also indicated to the sampling sites SR1, PA3 and CE1 by ratio Flt/(Flt + Py) (Tabela 5).

  The analysis of cross plot using LMW/HMW and DRs showed that most of the sampling sites indicated PAH from pyrogenic sources (Figures 3a and 3b). However, the ratio of LMW/HMW PAHs versus Par/(Par + Alkyl) provided an indicated of petrogenic sources of contamination to some sampling sites (Figure 3c). Among Flt/(Flt + Py) and other DRs applied, the majority of stations presented the range of 0.40 to 0.50 (Figures 3d and 3e), corresponding to the combustion of oil, but the ratio of Flt/(Flt + Py) with 
    Par/(Par + Alkyl) also provides an indication of petrogenic sources (Figure 3f). Most of the indices examined showed the pyrogenic source of the predominant source of contamination. However, the contribution of alkylated PAH in some sampling sites may be associated with oil input coming from urban and portuary activity around of the city of Manaus.
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  Conclusions

  The presence of PAHs in superficial sediments of the Negro River can be attributed to sites that showed the influence of mud predominance as well as the accumulation of organic matter, carbon, and total nitrogen. The study area receives PAH input mainly from pyrogenic sources related to oil combustion but petrogenic PAH introduction, represented by alkylated compounds, coming from oil and derivatives input is also an important contamination source to be considered.
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    Three new ursane triterpene saponins, together with twelve known ursane triterpenes were isolated from the stems of Firmiana simplex. The structures of the saponines were elucidated on the basis of spectroscopic and chemical methods. The cytotoxic activity of all compounds was evaluated in vitro against lung adenocarcinoma (A549), ovarian cancer (SK-OV-3), skin melanoma (SK-MEL-2), and colon cancer (HCT-15) human cell lines, using a sulforhodamine (SRB) assay. 23-Hydroxyursolic acid showed cytotoxicity against the tested cell lines with IC50 values ranging from 11.96 to 14.11 µM.
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  Introduction

  Firmiana simplex W. F. Wight (synonym Firmiana platanifolia Schott et Endl), family of Sterculiaceae, known as "phoenix tree", is distributed throughout Korea and China.1,2 Its seeds have been used as a folk medicine to treat symptoms of diarrhea and stomach disorders.3 Previous chemical investigations on this plant reported the isolation of quinones,2 flavonoids,3 and an antipsychotic neolignan.4

  In the course of our continuing search for potential lead compounds from Korean traditional medicinal plants, we investigated the MeOH extract of F. simplex stems and isolated three new ursane triterpene saponins (1-3), together with twelve known ursane triterpenes (4-15) (Figure 1). All the compounds (1-15) were tested for their cytotoxic activity against the cultured human tumor cell lines lung adenocarcinoma (A549), ovarian cancer (SK-OV-3), skin melanoma (SK-MEL-2), and colon cancer (HCT-15).
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  Experimental

  General procedures

  Optical rotations were obtained on a JASCO P-1020 polarimeter. Infrared (IR) spectra were recorded on a Bruker Vector 22 IR spectrophotometer. Nuclear magnetic resonance (NMR) spectra including 1H-1H correlation spectroscopy (COSY), distortionless enhancement by polarization transfer (DEPT), heteronuclear multiple quantum coherence (HMQC), heteronuclear multiple-bond correlation (HMBC) and nuclear Overhauser effect spectroscopy (NOESY), were recorded on a Varian UNITY INOVA 700 spectrometer operating at 700 MHz (1H) and 175 MHz (13C). High resolution fast atom bombardment mass spectrometry (HR-FABMS) was conducted using a JEOL JMS700 mass spectrometer. Preparative high performance liquid chromatography (HPLC) was performed using a Gilson 306 pump with a Shodex refractive index detector. Silica gel 60 (230-400 mesh, Merck) and reversed-phase (RP)-C18 silica gel (230-400 mesh, Merck) were used for column chromatography. A Hewlett-Packard gas chromatography (GC) system 6890 Series was equipped with a 5973 mass selective detector (MSD). The system was controlled by the Enhanced Chem Station version B.01.00 program. The capillary column used for GC was an Agilent J&W HP-5MSUI (30.0 m × 0.25 mm i.d., 0.25 µm film thickness, coated with 5% diphenyl and 95% dimethylpolysiloxane). Thin-layer chromatography (TLC) was performed using Merck precoated silica gel F254 plates and RP-18 F254s plates. Spots were detected on TLC under ultraviolet (UV) light or by heating after spraying with 10% v/v H2SO4 in EtOH.

  Plant material

  F.  simplex stems (7.0 kg) were collected at Jecheon in Chungcheongbuk-do, Korea, in June 2012, and authenticated by one of the authors (K. R. Lee). A voucher specimen (SKKU-NPL-1209) was deposited at the herbarium of the School of Pharmacy, Sungkyunkwan University, Suwon, Korea.

  Extraction and isolation

  The stems of F. simplex (7.0 kg) were extracted with 80% MeOH under reflux. The filtered MeOH extract was concentrated under reduced pressure to afford a viscous concentrate (400 g), which was suspended in water (800 mL) and solvent-partitioned successively to yield hexane (24 g), CHCl3 (14 g), EtOAc (50 g), and BuOH (270 g) extracts. The CHCl3 extract (14 g) was separated over a silica gel column (230-400 mesh, 500 g) with hexane:EtOAc:MeOH (5:1:0.5, v/v) to give five fractions (C1-C5). Fraction C3 (6.5 g) was separated on a RP-C18 silica gel column (230-400 mesh, 150 g) with a gradient solvent system of MeOH:H2O (2:3, 3:2, 4:1, and 1:0, v/v) to give sixteen subfractions (C3-1-C3-16). Fraction C3-12 (110 mg) was further separated over a silica gel column with CHCl3:MeOH (20:1, v/v) elution, and further purified through RP-C18 silica gel semi-preparative HPLC with 40% CH3CN elution, at a flow rate of 2.0 mL min-1 (Econosil RP-18 column; 250 × 10 mm; 10 µm particle size; Shodex refractive index detector) to yield 7 (3 mg, tR = 14.3 min). Fraction C3-13 (470 mg) was further separated over a silica gel column with CHCl3:MeOH (20:1, v/v) elution, and purified through a RP-C18 silica gel semi-preparative HPLC with 60% CH3CN elution, to yield 6 (6 mg, tR = 17.6 min), 14 (12 mg, tR = 19.1 min), and 15 (7 mg, tR = 21.7 min). Fraction C3-16 (120 mg) was purified through RP-C18 silica gel semi-preparative HPLC with 70% CH3CN elution, to yield 12 (6 mg, tR = 12.1 min). The EtOAc layer (18 g) was chromatographed on a RP-C18 silica gel (230-400 mesh, 300 g), eluting with a gradient solvent system of MeOH:H2O (2:3, 3:2, 4:1, and 1:0, v/v) to yield eight subfractions (E1-E8). Fraction E3 (1.9 g) was separated over a Sephadex LH-20 column with MeOH:H2O (4:1, v/v), and purified through RP-C18 silica gel semi-preparative HPLC with 30 and 40% CH3CN elution, to yield 5 (12 mg, tR = 12.1 min), 8 (3 mg, tR = 14.5 min), 10 (14 mg, tR = 16.2 min), and 11 (12 mg, tR = 19.4 min). Fraction E4 (1.0 g) was separated over a Sephadex LH-20 column with MeOH:H2O (4:1, v/v) and purified by RP-C18 silica gel semi-preparative HPLC with 40% CH3CN elution, to yield 9 (15 mg, tR = 11.8 min). Fraction E5 (250 mg) was separated over a Sephadex LH-20 column with MeOH:H2O (4:1, v/v) and purified by RP-C18 silica gel semi-preparative HPLC with 50% CH3CN elution, to yield 4 (5 mg, tR = 15.5 min). Fraction E6 (230 mg) was separated over a Sephadex LH-20 column with MeOH:H2O (4:1, v/v), and purified by RP-C18 silica gel semi-preparative HPLC with 60% CH3CN elution, to yield 13 (5 mg, tR = 14.7 min). The BuOH extract (30 g) was separated over a silica gel column (230-400 mesh, 500 g) with CHCl3:MeOH (5:1, v/v), to give six fractions (B1-B6). Fraction B4 (8.7 g) was chromatographed on a RP-C18 silica gel eluting with a gradient solvent system of MeOH:H2O (3:7, 5:5, 7:3, and 1:0, v/v) to yield eight subfractions (B41-B48). Fraction B45 (200 mg) was purified by RP-C18 silica gel semi-preparative HPLC with 25% CH3CN elution, to yield 2 (15 mg, tR = 16.1 min). Fraction B47 (700 mg) was separated over a Sephadex LH-20 column with MeOH:H2O (4:1, v/v), and purified by RP-C18 silica gel semi-preparative HPLC with 30% CH3CN elution, to yield 1 (19 mg, tR = 22.7 min). Fraction B5 (16.4 g) was chromatographed on a RP-C18 silica gel eluting with a gradient solvent system of MeOH:H2O (2:3, 3:2, 4:1, and 1:0, v/v) to yield seven subfractions (B51-B57). Fraction B54 (700 mg) was separated over a Sephadex LH-20 column with MeOH:H2O (4:1, v/v) and purified by RP-C18 silica gel semi-preparative HPLC with 25% CH3CN elution, to yield 3 (90 mg, tR = 18.7 min).

  28-O-[β-D-Glucopyranosyl-(1→6)-β-D-glucopyranosyl]-2α,3α,19α-trihydroxy-12-en-28-ursolic acid (1)

  White gum; [α]D25 –2.0 (c 0.5, MeOH); IR (KBr) νmax / cm-1 3385, 2938, 2879, 2843, 1732, 1651, 1454, 1390, 1228, 1205, 1166, 1062, 637; 1H NMR (700 MHz, CD3OD), see Table 1; 13C NMR (175 MHz, CD3OD), see Table 2; HRMS-FAB [M–H]– calcd. for C42H67O15: 811.4474; found: 811.4474.
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  28-O-[β-D-Glucopyranosyl-(1→6)-β-D-glucopyranosyl]-2α,3α,19α,23-tetrahydroxy-12-en-28-ursolic acid (2)

  White gum; [α]D25 –1.0 (c 0.6, MeOH); IR (KBr) νmax / cm-1 3376, 2939, 2835, 1731, 1600, 1453, 1382, 1265, 1164, 1032, 637; 1H NMR (700 MHz, CD3OD), see Table 1; 13C NMR (175 MHz, CD3OD), see Table 2; HRMS-FAB [M–H]– calcd. for C42H67O16: 827.4424; found: 827.4423.
  
  28-O-[β-D-Glucopyranosyl-(1→6)-β-D-glucopyranosyl]-2α,3β,19α-trihydroxyurs-12-ene-24,28-dioic acid (3)

  White gum; [α]D25 + 0.2 (c 0.9, MeOH); IR (KBr) vmax / cm-1 3366, 2935, 2839, 1732, 1695, 1454, 1380, 1263, 1228, 1167, 1032, 646; 1H NMR (700 MHz, CD3OD), see Table 1; 13C NMR (175 MHz, CD3OD), see Table 2; HRMS-FAB [M–H]– calcd. for C42H65O17: 841.4216; found: 841.4216.

  Acid hydrolysis of 1-3 and sugar determination

  Compound 1 (2 mg) was shaken with 1 mL of 1 mol L-1HCl for 1 h at 90 ºC. After cooling, the hydrolyzate was extracted with CHCl3 and the extract was evaporated in vacuo to yield 2α,3α,19α-trihydroxyurs-12-en-28-oic acid (1a), which was identified by comparing its 1H NMR data with those reported in literature. The sugar in water (CHCl3:MeOH:H2O = 2:1:0.2, Rf value: 0.2) with a glucose standard (Aldrich), which was confirmed by gas chromatography-mass spectrometry (GC-MS) as follows. The sugars obtained from the hydrolysis of compounds 1-3 were dissolved in anhydrous pyridine (0.1 mL) and L-cysteine methyl ester hydrochloride (2 mg) was added. The mixture was stirred at 60 ºC for 1.5 h. After the reaction mixture was dried in vacuo, the residue was trimethylsilylated with 1-trimethylsilylimidazole (0.1 mL) for 2 h. The mixture was partitioned between hexane and H2O (0.3 mL each). The H2O layer was neutralized by passage through an Amberlite IRA-67 column (Rohm and Haas) and was repeatedly evaporated to give D-glucose, identified by co-injection of the hydrolyzate with standard silylated samples, giving a GC-MS single peak at 9.712 min. Compounds 2 (2 mg) and 3 (5 mg) were treated using the same method to give 2α,3α,19α,23-tetrahydroxyurs-12-en-28-oic acid (2a) and 2α,3β,19α-trihydroxy-urs-12-ene-24,28-dioic acid (3a).

  2α,3α,19α-Trihydroxyurs-12-en-28-oic acid (1a)

  Colorless gum; 1H NMR (700 MHz, pyridine-d5) δ 5.55 (brs, 1H, CH), 4.27 (dt, 1H, J 10.0, 3.5 Hz, CHOH), 3.72 (d, 1H, J 2.5 Hz, CHOH), 3.11 (ddd, 1H, J 13.5, 13.0, 4.5 Hz, CH2), 3.01 (s, 1H, CH), 2.29 (ddd, 1H, J 13.5, 13.0, 4.0 Hz, CH2), 1.59 (s, 3H, CH3), 1.38 (s, 3H, CH3), 1.22 (s, 3H, CH3), 1.07 (d, 3H, J 6.0 Hz, CH3), 1.05 (s, 3H, CH3), 0.94 (s, 3H, CH3), 0.85 (s, 3H, CH3).

  2α,3α,19α,23-Tetrahydroxyurs-12-en-28-oic acid (2a)

  Colorless gum; 1H NMR (700 MHz, CD3OD) δ 5.31 (brs, 1H, CH), 3.89 (ddd, 1H, J 12.0, 5.0, 3.0 Hz, CHOH), 3.62 (d, 1H, J 3.0 Hz, CHOH), 3.55 (d, 1H, J 11.0 Hz, CHOH), 3.41 (d, 1H, J 11.0 Hz, CHOH), 2.58 (td, 1H, J 13.0, 4.0 Hz, CH2), 2.53 (s, 1H, CH), 1.37 (s, 3H, CH3), 1.21 (s, 3H, CH3), 1.04 (s, 3H, CH3), 0.94 (s, 3H, CH3), 0.94 (d, 3H, J 7.0 Hz, CH3), 0.88 (s, 3H, CH3).

  2α,3β,19α-Trihydroxy-urs-12-ene-24,28-dioic acid (3a)

  Colorless gum; 1H NMR (700 MHz, CD3OD) δ 5.51 (brs, 1H, CH), 4.69 (m, 1H, CHOH), 3.34 (d, 1H, J 9.0 Hz, CHOH), 3.02 (m, 1H, CH2), 2.33 (dd, 1H, J 13.0, 4.0 Hz, CH2), 1.68 (s, 3H, CH3), 1.65 (s, 3H, CH3), 1.39 (s, 3H, CH3), 1.11 (s, 3H, CH3), 1.06 (d, 3H, J 6.0 Hz, CH3), 1.05 (s, 3H, CH3).

  Cytotoxicity assays

  A sulforhodamine (SRB) bioassay was used to determine compound cytotoxicity against cultured human tumor cell lines A549, SK-OV-3, SK-MEL-2, and HCT-15.5The assays were performed at the Korea Research Institute of Chemical Technology. Doxorubicin was used as a positive control. The IC50 values of doxorubicin against A549, SK-OV-3, SK-MEL-2, and HCT-15 cell lines were 0.029, 0.036, 0.001, and 2.041 µM, respectively.

   

  Results and Discussion

  The stems of F. simplex were extracted with 80% aqueous MeOH. Chemical investigation of the extract using successive column chromatography over silica gel and Sephadex LH-20, and preparative HPLC resulted in the isolation and identification of three new ursane triterpene saponins (1-3), together with twelve known ursane triterpenes (4-15). Their structures were elucidated as follows.

  Compound 1 was obtained as a colorless gum, and its molecular formula C42H67O15 was inferred from the negative HR-FABMS ion at m/z 811.4474 [M–H]–. The IR absorption bands at 3385 and 1732 cm-1 implied the presence of hydroxyl and carboxylic functionalities. The 1H NMR spectrum (Table 1) of 1 showed the signals for an olefinic proton at δH 5.33 (t, 1H, J 3.5 Hz, H-12), two oxygenated methine protons at δH 3.95 (m, 1H, H-2) and 3.38 (m, 1H, H-3), one methine proton at δH 2.54 (brs, 1H, H-18), six tertiary methyl protons at δH 1.36 (s, 3H, H-27), 1.22 (s, 3H, H-29), 1.02 (s, 3H, H-25), 1.01 (s, 3H, H-23), 0.89 (s, 3H, H-24) and 0.79 (s, 3H, H-26), one secondary methyl proton at δH 0.95 (d, 1H, J 7.0 Hz, H-30), and two anomeric protons at δH 5.31 (d, 1H, J 8.0 Hz, H-1') and 4.37 (d, 1H, J 8.0 Hz, H-1"). The 13C NMR (Table 2), DEPT, and HMQC spectral data revealed forty-two signals, which included seven methyl carbon signals at δC 29.4 (C-23), 24.9 (C-27), 24.7 (C-29), 22.6 (C-24), 17.8 (C-26), 17.2 (C-25), and 16.7 (C-30), two olefinic carbon signals at δC 139.8 (C-13) and 129.7 (C-12), two oxygenated methine carbon signals at δC 80.2 (C-3) and 67.3 (C-2), eight methylene carbon signals at δC 42.6 (C-1), 38.5 (C-22), 34.1 (C-7), 29.8 (C-15), 27.3 (C-21), 26.3 (C-16), 24.9 (C-11), and 19.4 (C-6), four methine carbon signals at δC 55.0 (C-18), 49.7(C-5), 48.3 (C-9), and 43.0 (C-20), one carbonyl carbon at δ 178.7 (C-28), six quaternary carbon signals at δC 73.8 (C-19), 49.3 (C-17), 42.9 (C-14), 41.5 (C-8), and 39.5 (C-4), and two anomeric carbons at δC 104.8 (C-1") and 95.9 (C-1').

  The NMR data of 1 were very similar to those of the ursane 4,6 with the exception of an additional sugar moiety in 1. The linkage of the disaccharide moiety to the pentacyclic scaffold, and the attachment position between the two sugar units were assigned from the following HMBC correlations: δH 4.37 (d, J 8.0 Hz, H-1") to δC 69.6 (C-6'), and δH 5.31 (d, J 8.0 Hz, H-1') to δC 178.7 (C-28) (Figure 2).

  
    

    [image: Figure 2. Key 1H-1H COSY and HMBC]

  

  The relative stereochemistry of the aglycone was assigned from the NOESY cross-peaks of H-2/H-25, H-3/H-24, H-5/H-9, H-9/H-27, H-24/H-25, and H-25/H-26 (Figure 3).6

  
    

    [image: Figure 3. Key NOESY correlations of compound]

  

  The coupling constant (J 8.0 Hz) of the anomeric protons of H-1' and H-1" suggested a β-orientation.7Acid hydrolysis of 1 gave 2α,3α,19α-trihydroxyurs-12-en-28-oic acid (1a), identified by comparison of its 1H NMR spectrum data with of previously reported values,8 and D-glucose, which was identified by GC-MS.9 Thus, compound 1 was determined to be 28-O-[β-D-glucopyranosyl-(1→6)-β-D-glucopyranosyl]-2α,3α,19α-trihydroxy-12-en-28-ursolic acid.

  Compound 2 was obtained as a colorless gum, and its molecular formula C42H67O16 was inferred from the negative HR-FABMS ion at m/z 827.4423 [M–H]–. The 1H and 13C NMR spectra were close to those of 1 (Tables 1 and 2). The major differences were the disappearance of a methyl signal [δH 1.01 (s, 3H, H-23); δC 29.4] in 1, and the presence of the oxymethylene signal [δH 3.56 (d, 1H, J 11.0 Hz, H-23a), 3.41 (m, 1H, H-23b); δC 71.4] in 2. This was confirmed by the HMBC experiment showing correlations from the oxymethine proton (δH 3.56) to C-3, C-4, C-5, and C-24. The nature and position of the disaccharide moiety revealed to be the same as for compound 1, as indicated by the HMBC correlations H-1"/C-6' and H-1'/C-28 (Figure 2). As for compound 1, the relative configuration of 2 determined by the NOESY spectrum also indicated an ursane pentacyclic system. Acid hydrolysis of 2 gave 2α,3α,19α,23-tetrahydroxyurs-12-en-28-oic acid (2a) and D-glucose, which were identified by GC analysis and TLC comparison with authentic D-glucose.9,10 Thus, compound 2 was determined to be 28-O-[β-D-glucopyranosyl-(1→6)-β-D-glucopyranosyl]-2α,3α,19α,23-tetrahydroxy-12-en-28-ursolic acid.

  Compound 3 was obtained as a colorless gum. The molecular formula was determined to be C42H65O17 from the deprotonated molecule [M–H]–at m/z 841.4216 in the negative-ion HR-FABMS data. The 1H and 13C NMR data of 3 were very similar to those reported for 9,11except for the presence of an additional sugar unit The connectivities of the two sugar units were deduced by the HMBC cross peaks H-1"/C-6' and H-1'/C-28 (Figure 2). The relative stereochemistry of 3 was assigned by NOESY cross-peaks H-2/H-25, H-3/H-23, H-5/H-9, H-9/H-27, and H-25/H-26. Acid hydrolysis of 3 yielded 2α,3β,19α-trihydroxyurs-12-ene-24,28-dioic acid (3a) and D-glucose.9,12 Thus, compound 3 was determined to be 28-O-[β-D-glucopyranosyl-(1→6)-β-D-glucopyranosyl]-2α,3β,19α-trihydroxyurs-12-ene-24,28-dioic acid.

  Compounds 4-15 were identified by comparing their 1H NMR, 13C NMR, and MS spectra with the literature data. They were determined to be kaji-ichigoside F1 (4),6niga-ichigoside F2 (5),13 euscaphicacid (6),14 myrianthic acid (7),15 kakisaponin A (8),16 trachelosperoside A-1 (9),12pormolic acid-28-O-β-D-glucopyranosyl ester (10),17niga-ichigoside F1 (11),1323-hydroxyursolic acid (12),182α,3α,24-trihydroxyurs-12-en-28-oic acid-28-O-β-D-glucopyranosyl ester (13),19 arjunolic acid (14),20 and 2α,3α,23-trihydroxyursa-12,20(30)-dien-28-oic acid (15).21

  Compounds 1-15 were evaluated for their cytotoxicity against A549, SK-OV-3, SK-MEL-2, and HCT-15 human tumor cell lines using the SRB assay . 5Compound 12 was cytotoxic against all the tested human cell lines with IC50 values of 11.96, 13.24, 14.11, and 12.27 µM, respectively, whereas the other compounds were inactive (IC50 > 30 µM).

   

  Conclusions

  This is the first study investigating the cytotoxic activities of triterpene derivatives (1-15) isolated from Firmiana simplex. Among them, compound 12, which showed a significant cytotoxicity against the human tumor cell lines, could be a potentially valuable source for the development of anti-tumor agents.
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    The reaction of ethyl (p-methoxyphenylimino)acetate with propargyl bromide mediated by activated zinc powder afforded alkynyl amine, which was then reacted with a variety of organic azides using a microwave energy source, leading to β-1,2,3-triazolyl-α-amino esters in good yield.
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  Introduction

  Since the seminal discovery of Sharpless and co-workers1,2 and Meldal and co-workers3 on alkyne cycloaddition using copper salts, under mild conditions, to give 1,4-disubstituted 1,2,3-triazoles in high yields and rate acceleration, an immense number of papers have been published.

  In 2001, Sharpless, Kolb and Finn1 of The Scripps Research Institute gave the name "Click chemistry" to the very best chemical reactions. The CuIcatalyzed azide-alkyne cycloaddition (CuAAC) reaction4 is in fact a premier example of click chemistry that can easily fulfill the prerequisites for making covalent connections between two molecular building blocks in a facile and selective way, under mild reaction conditions with no or little by-products.5The azides, being a rare example of a 1,3-dipolar reagent, are not very reactive but are preferred due to their relative lack of side reactions and stability in typical synthetic conditions.

  The versatility and range of the reaction has been demonstrated by its use in different areas of science such as materials, drug discovery,6 bioconjugation,7 polymers,8supramolecular chemistry,9 DNA labeling,10 synthesis of oligonucleotides,11 and the preparation of stationary phases for high performance liquid chromatography (HPLC) columns,12 to name just some of the recent applications of this reaction.13 It is noteworthy that the 1,2,3-triazole ring does not occur in nature.

  Due to the relative resilience of 1,2,3-triazole species to metabolic degradation and their ability to form hydrogen bonds that can improve solubility,14,15 the importance of this heterocyclic ring is growing, especially focusing on drug discovery. Some examples of applications of the 1,2,3-triazole moiety in the field of medicinal chemistry as a pharmacophore have been shown, such as anticancer, HIV protease inhibitors, antituberculosis, antifungal, and antibacterial (Figure 1).13
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  β-1,2,3-Triazolyl-α-amino esters are rarely described in the literature; in the previous syntheses described in the literature, three approaches were basically used. One of them used propargyl amino acids as building blocks,16,17some of which are commercially available, and a second made use of azide amino esters as a precursor for the cycloaddition of the alkynes.18,19 In both cases, β-1,2,3triazolyl-α-amino esters were afforded from low to high yields, despite the known complexation of nitrogen ligands with CuIligands.20,21The third method was based on the reaction between a masked and protected azidofunctionalized glycine and an ethynyl glycine, affording disubstituted 1,2,3-triazole C-glycosyl amino esters.22

  Microwave irradiation as a non-conventional heating source has been shown to be of paramount importance as a tool with evident advantages when compared to traditional procedures: reduced reaction times, improved reaction yields, application in solvent-free conditions, and improving the product selectivity and chemical yield.23

   

  Results and Discussion

  To synthesize β-1,2,3-triazolyl-α-amino esters, starting materials were assembled by reaction of propargyl bromide with imino ester in the presence of Zn metal (Scheme 1). Although the reaction conditions are known, we performed a short screen to try to improve the reaction conditions.

  
    

    [image: Scheme 1. Preparation of ethyl 2-(4-methoxyphenylamino]

  

  We initially examined the reaction of propargyl bromide (4 mmol) and ethyl(p-methoxyphenylimino) acetate (5 mmol) mediated by Zn powder (6 mmol) under solvent free conditions24 and found a trace amount of the product in our case. The same reaction was carried out in tetrahydrofuran (THF) at different temperatures and it was found that the reaction carried out at room temperature furnished 20% product, while at low temperatures, i.e., 0 ºC, this resulted in 36% of the targeted product. When the temperature was decreased to –20 ºC, we observed an increase in yield to 52%; however, a further decrease in temperature did not affect the reaction yield. The reaction failed to produce any isolable product when THF-H2O (1:1) was used as the solvent. After screening the reaction conditions, the optimal solvent for this propargylation was found to be dimethylformamide (DMF), which furnished compound 3 in 62% yield at –20 ºC within 20 min.

  With the starting material in hand, we began the screen to search for the optimal reaction conditions to produce the 1,2,3-triazole ring via CuI-catalyzed Huisgen 1,3-dipolar cycloaddition reaction. For this purpose, we used benzyl azide and ethyl 2-(4-methoxyphenylamino)pent-4-ynoate as model reagents in the presence of various copper catalysts using microwaves (MW) as an energy source (Scheme 2).

  
    

    [image: Scheme 2. Synthesis]

  

  Only poor yield (5%) and traces (Table 1, entries 3 and 4) of the product were observed when using CuCN and Cu(OTf)2 as catalysts in the absence of a base, while CuSO4.5H2O led to product in 51% yield and CuI furnished product in 53 % yield. Further attempts were made to optimize the solvent, we tried this reaction in aprotic solvent (MW-nonabsorbent), e.g., THF; protic solvent (MW-absorbing), e.g., MeOH; and neat conditions (Table 1, entries 2, 5 and 6, respectively). We found that reaction works with and without solvent though yield was poor. In order to increase yield of reaction pentamethyldiethylenetriamine (PMDTA) was used which showed 100% conversion of starting material to product. PMDTA is known to form a complex with copper iodide,25but the isolated yield was not 100%. Following the addition of PMDTA, and employing CuI and THF as solvents, the yields increased within the range of 60 to 75% (Table 1, entries 9 and 7, 8, respectively). We have done a reaction in neat condition using PMDTA which furnished product in 64% yield but solid azides, e.g., sugar azides, didn't work in solvent free conditions so THF was found well suited for this reaction (Table 1, entry 7). This reaction was also carried out in oil bath at 100 ºC and after 3 h we obtained product in comparable yield (Table 1, entry 11).
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  With the optimal conditions in hand, ethyl 2-(4-methoxyphenylamino)pent-4-ynoate (0.3 mmol), organic azide (0.4 mmol), PMDTA (1 eq), CuI (10 mol%), and THF (3.0 mL) were added to a microwave vial equipped with a magnetic stirring bar (Scheme 3). The sealed mixture was heated under microwave irradiation at 100 ºC for 5 min; the scope was then established and the CuI-catalyzed cycloaddition of terminal alkyne was subjected to a variety of organic azides. The results are summarized in Table 2.
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  As is evident from the data in Table 2, the electron-donating and electron-withdrawing substituents in the aryl ring were well tolerated and gave good yields (Table 2, entries 2). A variety of functional groups, including methoxy, chloride, nitro and bromide, along with sugar-containing azides,26,27 were compatible with the reaction conditions; all gave triazolic products in good yields (Table 2, see entries 2-4 and 6-8).

   

  Conclusions

  We have demonstrated that non-natural β-1,2,3triazolyl-α-amino esters can be successfully obtained through a simple reaction from ethyl glyoxyl imines and preformed propargylzinc reagent, followed by the formation of 1,2,3-triazoles through click chemistry, in moderate to good yields. It was found that the microwave irradiation dramatically reduces the reaction times from hours to several minutes, which is an important factor on the viability of this synthetic method. In addition, the products are obtained in comparable yields with those obtained under conventional thermal conditions.

  Thus, we found a reliable reaction system, which was able to provide an important variety of 1,2,3-triazolyl-αamino ester backbones in very useful reaction conditions. The extension of the process to cleavable amines, as well as the development of a chiral version are currently underway and will be reported in due course. The identities and purities of the products were confirmed by 1H and 13C nuclear magnetic resonance (NMR) spectroscopy and high-resolution mass spectrometry.

   

  Experimental

  Melting points were determined on a Büchi melting point apparatus and are provided uncorrected. MW assisted reactions were carried out in MW synthesis reactor monowave 300 Anton Paar. All compounds were characterized using 1H and 13C NMR spectroscopy as well as Fourier transform mass spectrometry (FTMS) with probe electrospray ionization (pESI). Copies of the 1H and 13C NMR spectra can be found in the Supplementary Information. The 1H and 13C NMR spectroscopic data were recorded with a 300 MHz instrument. The chemical shifts (δ) for the 1H NMR experiments are reported in parts per million (ppm) and measured relative to the signals for tetramethylsilane (TMS) (δ 0.00 ppm). The chemical shifts for the 13C NMR spectra are reported in ppm relative to deuterated chloroform (δ 77.23 ppm), unless otherwise stated, and all data were recorded using 1H decoupling. Column chromatography was performed using silica gel (230-400 mesh). Thin-layer chromatography (TLC) was performed using silica gel UV 254, 0.20 mm thickness. For visualization, TLC plates were either placed under UV light, or stained with iodine or acidic vanillin solution. Solvents and reagents were of analytical grade or the highest grade commercially available and were used without further purification.

  Synthesis of ethyl (p-methoxyphenylimino)acetate (1)

  A mixture of ethyl (p-methoxyphenylimino)acetate (0.62 g, 5 mmol) and ethyl glyoxalate (0.51 g, 5 mmol) in 5 mL of THF was stirred at room temperature for 1 h. Then the corresponding mixture was concentrated under vacuum and used in the next step without any further purification. The product was obtained as a brown oil; infrared (IR) (film) νmax / cm-1 2985, 2941, 2845, 1737, 1643, 1596, 1246, 1032, 840; 1H NMR (300 MHz, CDCl3) δ 7.03 (s, 1H), 7.37 (d, 2H, J 9 Hz), 6.94 (d, 2H, J 9 Hz), 4.42 (q, 2H, J 7.2 Hz), 3.84 (s, 3H), 1.42 (t, 3H, J 7.1 Hz); 13C NMR (75 MHz, CDCl3) δ 173.0, 154.2. 151.9, 143.7, 115.8, 114.9, 54.1, 29.2, 14.0.

  Procedure to activate zinc dust

  Zinc powder (0.39 g, 6 mmol) was added into a flame-dried round-bottom flask fitted with a magnetic bar and dropping funnel; the flask was flashed with dry nitrogen. The zinc powder was heated to 60-70 ºC. 1,2-Dibromomethane (0.1 mL in 0.5 mL THF) was added dropwise, the temperature was maintained for 10 min and then the flask was cooled to room temperature. Trimethylchlorosilane (0.1 mL in 0.5 mL THF) was added, and the mixture was stirred at room temperature for 15 min. Solvent was evaporated from the activated zinc under reduced pressure.

  Procedure for the preparation of ethyl 2-((4-methoxy) phenylamino)pent-4-ynoate (3)

  In a dried round-bottom flask fitted with magnetic bar and dropping funnel, activated zinc powder (0.39 g, 6 mmol) and ethyl (p-methoxyphenylimino) acetate (0.83 g, 4 mmol) were added at 0 ºC. Propargyl bromide (0.60 g, 5 mmol) in 0.5 ml DMF was added dropwise over 5 min at 0 ºC and then stirred for 15 min at room temperature. After complete reaction, saturated aqueous ammonium chloride was poured into the mixture and stirred for 5 min. The reaction mixture was extracted with EtOAc (3 × 15 mL) and the combined organic layers were dried over anhydrous MgSO4; after filtration and solvent removal, the residue was purified by flash chromatography on silica gel (eluent consisting of hexane:EtOAc 9.5:0.5) to obtain oil product.

  Ethyl 2-((4-methoxyphenyl)amino)pent-4-ynoate (3)

  IR (film) νmax / cm-13368, 3286, 2985, 2940, 2836, 2121, 1734, 1542, 1514, 1033, 825; 1H NMR (300 MHz, CDCl3) δ 6.70 (d, 2H, J 8.9 Hz), 6.56 (d, 2H, J 8.9 Hz), 4.15-4.11 (m, 2H), 4.09-4.05(m, 1H), 3.64 (s, 3H), 2.66-2.64 (m, 2H), 2.01(s, 1H), 1.20 (t, 3H, J 7.1 Hz); 13C NMR (75 MHz, CDCl3) δ 172.2, 154.2, 141.7, 115.7, 114.9, 80.7, 72.3, 61.4, 55.6, 55.5, 22.9, 14.2; HRMS (FTMS + pESI) calcd. for C14H17NO3 [M]+: 247.1247; found: 247.1241.

  General procedure for the synthesis of 1,2,3-triazole derivatives 5a-l

  Ethyl 2-(4-methoxyphenylamino)pent-4-ynoate (0.3 mmol), organic azide (0.4 mmol), PMDTA (1 eq), CuI (10 mol%), and THF (3.0 mL) were added to a microwave vial equipped with a magnetic stirring bar. The sealed mixture was heated under microwave irradiation at 100 ºC for 5 min. The reaction mixture was cooled to ambient temperature. The reaction mixture was then poured into aq. NH4Cl and extracted with EtOAc (2 × 10 mL). The combined organic layers were dried over anhydrous magnesium sulfate and solvent was removed under reduced pressure and then the residue was purified by a flash column (hexane:ethyl acetate 4:6) to give the products as light-yellow oil. The identities and purities of the products were confirmed by TLC, 1H and 13C NMR spectroscopy and high-resolution mass spectrometry.

  Ethyl 3-(1-benzyl-1H -1,2,3-triazol-4-yl)-2-(4-methoxyphenylamino)propanoate (5a)

  Yield: 0.088 g (74%); brown solid; m.p. 84-85 ºC; IR (film) νmax / cm-1 3368, 3131, 2978, 2839, 1723, 1618, 1511, 1468, 1337, 1246, 1175, 1099, 1035, 709, 681; 1H NMR (300 MHz, CDCl3) δ 7.27-7.24 (m, 3H), 7.20 (s, 1H), 7.14-7.12 (m, 2H), 6.67 (d, 2H, J 8.9 Hz), 6.50 (d, 2H, J 8.9 Hz), 5.39 (s, 2H), 4.20 (t, 1H, J 5.7 Hz), 4.04 (q, 2H, J 7.2 Hz), 3.64 (s, 3H), 3.20-3.04 (m, 2H), 1.09 (t, 3H, J 7.2 Hz); 13C NMR (75 MHz, CDCl3) δ 173.1, 152.9, 143.7, 140.6, 134.7, 129.0, 128.6, 127.9, 122.1, 115.4, 114.8, 61.2, 57.8, 55.7, 54.0, 29.2, 14.1; HRMS (FTMS + pESI) calcd. for C21H24N4O3 [M]+: 381.1899; found: 381.1891.

  Ethyl 3-(1-(2-methoxyphenyl)-1H-1,2,3-triazol-4-yl)-2-(4-methoxyphenylamino)propanoate (5b)

  Yield: 0.087 g (73%); white solid; m.p. 87-98 ºC; IR (film) νmax / cm-1 3363, 2982, 2836, 1732, 1603, 1510, 1467, 1441, 1372, 1236, 1179, 1125, 1099, 1035, 823, 756, 698, 672; 1H NMR (300 MHz, CDCl3) δ 7.96 (s, 1H), 6.78 (d, 1H, J 7.8 Hz), 7.44-7.39 (m, 1H), 7.13-7.06 (m, 2H), 6.79 (d, 2H, J 8.7 Hz), 6.70 (d, 2H, J 8.9 Hz), 4.40 (t, 1H, J 5.8 Hz), 4.22 (q, 2H, J 7.2 Hz), 3.86 (s, 3H), 3.74 (s, 3H), 3.43-3.32 (m, 2H), 1.24 (t, 3H, J 7.2 Hz); 13C NMR (75 MHz, CDCl3) δ 173.1, 153.0, 150.0, 142.5, 140.4, 129.9, 126.3, 125.3, 124.3, 121.2, 115.6, 114.8, 112.3, 61.2, 57.97, 55.91, 55.69, 29.13, 14.12; HRMS (FTMS + pESI) calcd. for C21H24N4O4 [M]+: 397.1877; found: 397.1850.

  Ethyl 3-(1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)-2-(4-methoxyphenylamino)propanoate (5c)

  Yield: 0.086 g (72%); grey solid; m.p. 108-109 ºC; IR (film) νmax / cm-1 3311, 3140, 2987, 2834, 1727, 1618, 1512, 1502, 1469, 1338, 1246, 1236, 1179, 1032, 1039, 817, 830, 707, 683; 1H NMR (300 MHz, CDCl3) δ 7.66 (s, 1H), 7.64 (d, 2H, J 8.9 Hz), 7.50 (d, 2H, J 8.8 Hz), 6.79 (d, 2H, J 8.9 Hz), 6.66 (d, 2H, J 8.5 Hz), 4.37 (bs, 1H), 4.23 (q, 2H, J 7.2 Hz), 3.74 (s, 3H), 3.43-3.32 (m, 2H), 1.26 (t, 3H, J 7.2 Hz); 13C NMR (75 MHz, CDCl3) δ 173.0, 153.0, 144.3, 140.5, 135.5, 134.3, 129.8, 121.5, 120.3, 115.3, 114.9, 115.6, 114.8; 61.3, 57.6, 55.6, 29.1, 14.1; HRMS (FTMS + pESI) calcd. for C20H2135ClN4O3 [M]+: 401.1380; found: 401.1347; HRMS (FTMS + pESI) calcd. for C20H2137ClN4O3 [M]+: 403.1350; found: 403.1335.

  Ethyl 2-(4-methoxyphenylamino)-3-(1-(3-nitrophenyl)-1H-1,2,3-triazol-4-yl)propanoate (5d)

  Yield: 0.077 g (63%); orange solid; m.p. 154-155 ºC; IR (film) νmax / cm-1 3361, 3140, 2989, 2938, 2832, 1731, 1621, 1534, 1466, 1443, 1356, 1237, 1178, 1029, 826, 753; 1H NMR (300 MHz, CDCl3) δ 8.46 (s, 1H), 8.22 (d, 1H, J 8.1 Hz), 8.07 (d, 1H, J 8.1 Hz), 7.8 (s, 1H), 7.67 (t, 1H, J 8.1 Hz), 6.71 (d, 2H, J 9 Hz), 6.58 (d, 2H, J 9 Hz), 4.30 (t, 1H, J 5.6 Hz), 4.16 (q, 2H, J 7.2 Hz), 3.65 (s, 3H), 3.37-3.18 (m, 2H), 1.19 (t, 3H, J 7.2 Hz); 13C NMR (75 MHz, CDCl3) δ 172.8, 153.2, 144.8, 140.2, 137.7, 130.9, 125.8, 123.0, 120.4, 115.6, 100.0, 61.5, 57.6, 55.7, 29.1, 14.1; HRMS (FTMS + pESI) calcd. for C20H21N5O5 [M]+: 412.1621; found: 412.1591.

  Ethyl 3-(1-decyl-1 H -1,2,3-triazol-4-yl)-2-(4-methoxyphenylamino)propanoate (5e)

  Yield: 0.096 g (70%); brown solid; m.p. 58-59 ºC; IR (film) νmax / cm-1 3321, 3141, 2958, 2939, 2831, 1732, 1609, 1511, 1463, 1373, 1214, 1056, 839, 701, 683; 1H NMR (300 MHz, CDCl3) δ 7.27 (s, 1H), 6.68 (d, 1H, J 8.8 Hz), 6.52 (d, 2H, J 8.9 Hz), 4.40 (m, 3H), 4.10 (q, 2H, J 7.2 Hz), 3.64 (s, 3H), 3.23-3.05 (m, 2H), 1.79 (t, 3H, J 6.7 Hz), 1.20-1.09 (m, 2H), 0.82 (t, 3H, J 6.4 Hz); 13C NMR (75 MHz, CDCl3) δ 173.1, 152.8, 140.6, 121.9, 115.3, 114.8, 61.1, 57.8, 55.6, 50.2, 31.85, 30.2, 29.5, 29.4, 29.3, 28.9, 22.6, 14.1, 14.0; HRMS (FTMS + pESI) calcd. for C26H42N4O3 [M]+: 459.3336; found: 459.3313.

  Ethyl 3-(1-(3-chlorophenyl)-1H-1,2,3-triazol-4-yl)-2-(4-methoxyphenylamino)propanoate (5f)

  Yield: 0.085 g (71%); brown solid; m.p. 134-135 ºC. IR (film) νmax / cm-13317, 3140, 3012, 2834, 1726, 1620, 1512, 1503, 1469, 1338, 1247, 1238, 1171, 1032, 1032, 815, 708, 681; 1H NMR (300 MHz, CDCl3) δ 7.74 (s, 1H), 7.63-7.62 (m, 1H), 7.49-7.46 (m, 1H), 7.34-7.28 (m, 2H), 6.67 (d, 2H, J 9 Hz), 6.54 (d, 2H, J 9 Hz), 4.29 (t, 1H, J 5.5 Hz), 4.12 (q, 2H, J 7.2 Hz), 3.62 (s, 3H), 3.31-3.13 (m, 2H), 1.14 (t, 3H, J 7.2 Hz); 13C NMR (75 MHz, CDCl3) δ 173.0, 152.0, 144.3, 140.5, 137.8, 135.4, 130.7, 128.6, 120.5, 120.4, 118.3, 115.4, 114.9, 61.3, 57.6, 55.6, 29.1, 14.1; HRMS (FTMS + pESI) calcd. for C20H2135ClN4O3 [M]+: 401.1380; found: 401.1350; HRMS (FTMS + pESI) calcd. for C20H2137ClN4O3 [M]+: 403.1350; found: 403.1336.

  Ethyl 2-(4-methoxyphenylamino)-3-(1-(2-nitrophenyl)-1H-1,2,3-triazol-4-yl)propanoate (5g)

  Yield: 0.075 g (61%); brown oil; IR (film) νmax / cm-13361, 3139, 2976, 2935, 2825, 1732, 1617, 1532, 1461, 1353, 1231, 1162, 1020, 826, 753, 702, 689; 1H NMR (300 MHz, CDCl3) δ 7.99 (d, 1H, J 8.1 Hz), 6.71-7.75 (m, 3H), 7.50 (d, 1H, J 7.5 Hz), 6.67 (d, 2H, J 8.7 Hz), 6.57 (d, 2H, J 8.7 Hz), 4.31 (t, 1H, J 5.7 Hz), 4.15 (q, 2H, J 7.2 Hz), 3.05 (s, 3H), 3.35-3.17 (m, 2H), 1.18 (t, 3H, J 7.2 Hz); 13C NMR (75 MHz, CDCl3) δ 172.9, 153.0, 143.9, 140.5, 133.7, 130.6, 130.3, 127.9, 125.5, 123.8, 115.5, 114.9, 61.4, 57.6, 55.7, 29.1, 14.1; HRMS (FTMS + pESI) calcd. for C20H21N5O5 [M]+: 412.1621; found: 412.1576.

  Ethyl 3-(1-(4-bromophenyl)-1H-1,2,3-triazol-4-yl)-2-(4-methoxyphenylamino)propanoate (5h)

  Yield: 0.104 g (78%); white solid; m.p. 128-129 ºC; IR (film) νmax / cm-13319, 3142, 2958, 2823, 1726, 1620, 1512, 1498, 1466, 1246, 1238, 1199, 1173, 1052, 817, 707, 678; 1H NMR (300 MHz, CDCl3) δ 7.81 (s, 1H), 7.64-7.55 (m, 4H), 6.78 (d, 1H, J 8.7 Hz), 6.79 (d, 2H, J 8.7 Hz), 6.68 (d, 2H, J 8.9 Hz), 4.38 (t, 1H, J 5.7 Hz), 4.22 (s, NH), 4.17 (q, 2H, J 7.2 Hz), 3.73 (s, 3H), 3.41-3.23 (m, 2H), 1.29 (t, 3H, J 7.2 Hz); 13C NMR (75 MHz, CDCl3) δ 173.0, 152.9, 144.3, 140.5, 135.9, 132.8, 122.1, 120.3, 115.4, 114.9, 61.3, 57.5, 55.6, 29.1, 14.1; HRMS (FTMS + pESI) calcd. for C20H2179BrN4O3 [M]+: 445.0875; found: 445.0864; HRMS 
    (FTMS + pESI) calcd. for C20H2181BrN4O3 [M]+: 447.0854; 
    found: 447.0831.

  Ethyl 3-(1-hexyl-1H-1,2,3-triazol-4-yl)-2-(4-methoxyphenolamino)propanoate (5i)

  Yield: 0.083 g (74%); brown oil; IR (film) νmax / cm-13319, 3128, 2953, 2821, 1722, 1602, 1509, 1461, 1371, 1209, 1238, 1172, 1032, 815, 708, 681; 1H NMR (300 MHz, CDCl3) δ 7.26 (s, 1H), 6.69 (d, 1H, J 9 Hz), 6.52 (d, 2H, J 9 Hz), 4.23 (m, 3H), 4.11 (q, 2H, J 7.2 Hz), 3.65 (s, 3H), 3.24-3.06 (m, 2H), 1.80-1.75 (m, 2H), 1.22 (bs, 6H), 1.15 (t, 3H, J 7.2 Hz), 0.82 (t, 3H, J 5.7 Hz); 13C NMR (75 MHz, CDCl3) δ 173.2, 152.8, 143.1, 140.7, 121.9, 115.3, 114.8, 61.1, 57.7, 55.6, 50.2, 31.0, 30.2, 29.2, 26.0, 22.3, 14.1, 13.8; HRMS (FTMS + pESI) calcd. for C20H30N4O3 [M]+: 375.2397; found: 375.2359.

  Ethyl 2-(4-methoxyphenylamino)-3-(1-phenyl-1H-1,2,3-triazol-4-yl)propanoate (5j)

  Yield: 0.082 g (75%); white solid; m.p. 146-147 ºC; IR (film) νmax / cm-13317, 3146, 3089, 2989, 2840, 1721, 1614, 1511, 1461, 1380, 1241, 1210, 1090, 752, 710; 1H NMR (300 MHz, CDCl3) δ 7.78 (s, 1H), 7.60-7.57 (m, 2H), 7.42-7.28 (m, 3H), 6.68 (d, 2H, J 8.9 Hz), 6.55 (d, 2H, J 9 Hz), 4.29 (t, 1H, J 5.7 Hz), 4.12 (q, 2H, J 7.2 Hz), 3.62 (s, 3H), 3.31-3.14 (m, 2H), 1.44 (t, 3H, J 7.2 Hz); 13C NMR (75 MHz, CDCl3) δ 173.1, 152.9, 144.0, 140.6, 137.0, 129.7, 128.6, 120.4, 115.4, 114.9, 61.3, 57.6, 55.6, 29.2, 14.1; HRMS (FTMS + PESI) calcd. for C20H22N4O3 [M]+: 367.1771; found: 367.1731.

  Ethyl 3-(1-((3aR,4S,7aR)-7-bromo-4-hydroxy-2,2-dimethyl-3a,4,5,7a-tetrahydro[1,3]benzodioxol-5-yl)-1H-1,2,3-triazol-4-yl)-2-(4-methoxyphenylamino)propanoate (5k)

  Yield: 0.117 g (73%); brown gummy solid; IR (film) νmax / cm-13400-3000, 3317, 3297, 2983, 2931, 2821, 1722, 1602, 1623, 1467, 1316, 1234, 1084, 1057, 823; 1H NMR (300 MHz, CDCl3) δ 7.69 (s, 1H), 6.63 (d, 2H, J 9 Hz), 6.52 (d, 2H, J 9 Hz), 6.15-6.12 (m, 1H), 4.95-4.91 (m, 1H), 4.72-4.69 (m, 1H), 4.22-4.15 (m, 2H), 4.04 (q, 2H, J 7.2 Hz), 3.87-3.81 (m, 1H), 3.57 (s, 3H), 3.15-2.99 (m, 2H), 1.37 (s, 3H), 1.28 (s, 3H), 1.08 (t, 3H, J 7.2 Hz); 13C NMR (75 MHz, CDCl3) δ 174.9, 154.2, 144.5, 142.4, 131.2, 125.0, 122.8, 116.5, 115.8, 111.9, 79.3, 78.4, 72.5, 64.3, 62.2, 59.1, 56.2, 29.8, 28.4, 26.1, 14.5; HRMS (FTMS + pESI) calcd. for C23H2979BrN4O6 [M]+: 537.1349; found: 537.1347; HRMS 
    (FTMS + pESI) calcd. for C23H2981BrN4O6 [M]+: 539.1328; 
    found: 539.1315.

  Ethyl 3-(1-((3aR,4S,7aR)-7-bromo-4-hydroxy-2,2-dimethyl-3a,4,5,7a-tetrahydro[1,3]benzodioxol-5-yl)-1H-1,2,3-triazol-4-yl)-2-(4-methoxyphenylamino)propanoate (5l)

  Yield: 0.116 g (72%); brown gummy solid; IR (film) νmax / cm-13400-3000, 3319, 3296, 2982, 2931, 2823, 1723, 1604, 1621, 1467, 1318, 1235, 1083, 1056, 821; 1H NMR (300 MHz, CDCl3) δ 7.82 (s, 1H), 6.76-6.61 (m, 4H) 6.20 -6.15 (m, 1H), 5.47-5.45 (m, 1H), 4.73-4.71 (m, 1H), 4.47-4.43 (m, 2H), 4.37-4.30 (m, 2H), 4.17 (q, 2H, J 7.2 Hz), 3.71 (s, 3H), 3.28-3.17 (m, 2H), 1.45 (s, 3H), 1.42 (s, 3H), 1.22 (t, 3H, J 7.2 Hz); 13C NMR (75 MHz, CDCl3) δ 175.0, 154.3, 144.5, 142.4, 127.3, 126.9, 125.2, 116.7, 116.5, 115.8, 111.6, 78.0, 77.4, 69.7, 62.3, 60.9, 59.2, 56.2, 29.9, 28.0, 26.6, 14.5; HRMS (FTMS + pESI) calcd. for C23H2979BrN4O6 [M]+: 537.1349; found: 537.1338; HRMS 
    (FTMS + pESI) calcd. for C23H2981BrN4O6 [M]+: 539.1328; 
    found: 539.1323.
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    Physically crosslinked poly(vinyl alcohol)-hyaluronic acid (PVA-HA) hydrogel membranes composed of different amounts of HA were prepared by freeze-thawing (F-T) method. F-T cycle was repeated for three consecutive cycles. HA was chosen and routinely utilized in the local treatment of chronic wounds, because of its advantages as, HA is endogenous and biodegradable polymer. Physicochemical properties of PVA-HA membranes such as, gel fraction (GF), swelling, mechanical properties, hydrolytic degradation and in vitro bio-evaluation tests were investigated. Results revealed that introducing HA into PVA structure affected significantly the physicochemical properties of membranes than the pristine PVA, because of its crosslinking interaction with PVA. With the increase of HA content in PVA hydrogel membranes, GF and mechanical stability of PVA-HA membranes decreased. However, the swelling behavior, mechanical flexibility, protein adsorption and hydrolytic degradation of PVA membrane increased. The HA content < 20% in PVA hydrogels showed high cell viability (%) and no toxicity was observed using microculture tetrazolium assay (MTT-assay). However, less cell viability was determined with high HA incorporation. PVA-HA-ampicillin free showed antimicrobial activity against Candida albicans as a result of HA presence. Thus, ampicillin-loaded wound dressing with PVA-HA membranes could be used as promising materials with easy forming and biologically evaluated for wound care.
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  Introduction

  Hydrogel membranes have been employed previously as essential materials for fabricating wound dressing materials, which were invented in 1989 by Rosiak et al.1 However, some of these membrane materials showed a drawback like low mechanical properties resulting in sticking to the wound surface or damaged under stress or stretching, which did not satisfy as perfect dressing requirements.2 Therefore, the ideal wound dressing materials should meet the following conditions: (i) maintain a local moist environment, (ii) keep the wound protected from any side contamination, (iii) good surface absorbance for wound fluids, (iv) reduce the wound surface necrosis, (v) avoid the wound dryness, (vi) stimulate the growth factors, and also be (vii) elastic, non-antigenic and biocompatible/biodegradable material.3-5 Accordingly, wound dressings are utilized predominantly to improve the various wound healing stages and innovate the proper healing environments. Thus, the wound surface must be covered by dressing materials to enhance and grow the healing process. The most important behind the wound care is to promote for a quick wound healing accompanied with acceptable cosmetic appearance. Furthermore, wound healing is regarded as a special biological step connected to the skin growth and regeneration processes.4

  Poly(vinyl alcohol) (PVA) as a hydrophilic polymer is water soluble (Figure 1).2 PVA hydrogels have been previously utilized intensively for several biological applications, due to its biological advantages such as: nontoxic, non-carcinogenic, biodegradable and bio­adhesive characteristics with the ease of processing.2,6,7 As a result of the latter features, PVA is able to simulate natural tissues and easily to be accepted in the body implantation. PVA gels have been applied in different biomedical application sites, such as contact lenses, the lining for artificial hearts, wound dressing, and drug delivery. Generally, PVA polymer can crystallize upon cooling from the melt, as known crystallization process to form ordered region called lamellae networks.
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  Although the precise mechanism of gelation in physical PVA gels is still not well understood,6 previous experiments have used the semi-crystallization process using annealing amorphous PVA film. Thus, the basic source of the entangled PVA stability was the crystalline structure formed during annealing process,8-10 and freeze-thawing (F-T) repeated cycles method based on the crystallization of PVA molecules.11,12 In recent decades, the need of physical crosslinked gels has been potentially increased. The reason that behind avoiding the use of chemical crosslinker is the fact that these chemicals are not only predominantly toxic compounds, which can be removed or somewhat extracted from final gels before application, but also can affect the biological integrity of the substances when entrapped (e.g., proteins, drugs, and cells). Accordingly, the physical crosslinking method in particular F-T cycles method based on crystallization, has been preferred for PVA crosslinking as free from solvent or crosslinkers comparable with the common chemical crosslinking method.6,13

  Hyaluronic acid (HA) is a high molecular weight biopolysaccharides, it is a natural linear dipolysaccharides consists of β -(1,4)-linked D-glucuronic acid and 
    β -(1,3) N-acetyl-D-glucosamine units, (Figure 1). This polyanionic polymer has unique physicochemical properties and distinctive biological functions.14 HA is presented in the human body specifically in neural and epithelial tissues. Thus, HA was chosen as a good blended polymer with PVA, due to its biological, endogenic and natural origin. Some recent biomedical applications of HA included ophthalmic surgery, arthritis treatment, polymeric scaffolds for wound healing, tissue engineering, cartilage repair, and drug delivery,15 and it has been used also as components for implant or scaffold materials.16-18 Previously, natural polymers (e.g., alginate, dextran, chitosan, glucan, starch, hydroxyethyl starch, gelatin and their derivatives), and synthetic polymers (e.g., polyethylene glycol, polyvinylpyrrolidone, and poly N-isopropylacrylamide), were used as blended polymers with PVA for wound dressing applications and they were recently reviewed by Kamoun et al.6 Recently, PVA-HA derived hydrogels were recently synthesized using thiol-yne click reaction.19 Also, PVA-HA microgels for biomedical applications, were previously synthesized using click chemistry method.20 Herein, the present work is designed to prepare a novel blended hydrogel membranes based on PVA and varied portions of HA contents using F-T consecutive cycles for crosslinking. The designed PVA-HA membranes were tested in terms of their physicochemical and biological properties (e.g., bovine serum albumin (BSA) protein adsorption, cell viability (%), and antimicrobial activity) to be compatible as wound dressing materials in biomedical application.

   

  Experimental

  Materials and methods

  PVA (typically average Mw = 72,000 g mol-1; 98.9% hydrolyzed) was obtained from Biochemica, Germany. HA was purchased from Shanghai Jiaoyuan industry Co., Ltd, China. Ascorbic acid (Mw = 176.13 g mol-1; 99%), phosphate buffer saline (PBS), pH 7.4 and ampicillin sodium salt were obtained from Sigma-Aldrich Chemie GmbH, Steinheim, Germany. Distilled water was used throughout this research.

  Preparation of PVA-HA hydrogel membranes

  PVA-HA hydrogel membranes were prepared by F-T cycle according to the reported slightly modified procedure of Peppas and Stauffer.21 Briefly, aqueous solution containing 5% (m/v) PVA, 1% (m/v) of HA and 0.3% (m/v) of ascorbic acid as a plasticizer was carefully dissolved in distilled water. Different portions of HA contents (0%, 10%, 20%, 30%, 40%, and 50%, m/v), were mixed with calculated amounts of ascorbic acid. The aforementioned polymers solution was mixed thoroughly using ultrasonic water-bath (ultrasonic cleaner water-bath was obtained from Thermoline Scientific, Australia) at 40 ºC, for 1 h and then vortexed for two minutes to ensure the mixture homogeneity. Proper amount of this mixture (ca. 15 mL) is poured in plastic Petri dishes, followed by freezing at –20 ºC for 18 h and then thawing for 6 h at 25 ºC and eventually the formed membrane was kept unfrozen for 1 h. The F-T cycles were repeated for three consecutive cycles for providing mechanically acceptable membranes are proper for further experiments. The membrane thickness was adjusted by casting 15 mL of polymeric mixture solution. The thickness of the wet membranes was between 200 µm and 300 µm. The obtained PVA-HA membranes were freeze dried under vacuum at room temperature to obtain the final PVA-HA membranes. The thickness of resultant dried membranes was adjusted in the range of 150-200 µm. The resultant PVA-HA membranes are stored in plastic and air-vacuumed pages until use and tests.

  Characterizations

  Gel fraction

  The obtained PVA-HA hydrogel membranes were vacuum-dried at room temperature to avoid the membrane surface shrinkage, for 6 h and weighted (W0), then soaked in distilled water for 24 h up to an equilibrium swelling weight for removing any leachable soluble HA parts from the membrane. The gel membrane was then dried again and weighted again (We). The gel fraction (GF%) was carried out according to the method reported by Yang et al.,22 and calculated using the equation 1.

  
    [image: Equation 1]

  

  where, (W0) and (We) are the weights of hydrogel samples dried for 6 h at 50 ºC before and after soaking, respectively.

  Swelling or water uptake

  The swelling degree of PVA-HA hydrogel membranes was carried out in distilled water at 37 ºC. The membrane samples were cut into 2 cm × 2 cm pieces and vacuum-dried at room temperature for 6 h, the weight of dried sample was determined (We). The dried samples were soaked in distilled water, and incubated at 37 ºC, then weighted again (Ws) at specific interval times. The degree of swelling or water uptake of PVA-HA hydrogel membranes could be described as degree of water absorptivity of the hydrogel membrane (equation 2).22
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  where (Ws) is the weight of swelled sample and (We) is the weight of dried sample after soaking.

  Mechanical strength

  The mechanical properties of PVA-HA blend hydrogel membranes (maximum tensile strength and the elongation-at-break) have been conducted using a universal tensile test machine (Universal Testing Machine, model: 
    AG-I /50 N-10 KN, Japan). PVA-HA membranes were cut into specific a dog-bone like-shape demission (5 cm long, 1.5 cm wide at the ends and 1 cm in the middle). The analysis was performed at stretching rate 10 mm min-1. The thickness of membrane samples were measured using an electronic digital micrometer before examination.23

  Hydrolytic degradation

  The weight loss (%) against the immersion time in PBS solution was determined by the hydrolytic degradation method.24 This method is based on gravimetric determination study of the weight loss (%) of the gel. Dried membrane samples with a dimension (2 cm × 2 cm) were weighed and immersed in 10 mL PBS (0.1 mol L-1, pH 7.4, at 37 ºC). The samples were removed at time intervals, and gently wiped with soft paper to remove surfaced water, and gently dried at ambient temperature, then weighed again.

  Protein adsorption study

  The amount of adsorbed BSA was detected by UV-Vis spectrophotometer at 630 nm, with supporting a standard calibration curve of BSA ranging from 3.1-60 mg mL-1. Beer's law was used to determine the exact adsorbed BSA at the membrane surface as follows below in equation 3.
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  where, A is the absorbance, c is the concentration, a is a proportionality constant and L is the path length which is constant.25 Pieces of PVA-HA hydrogel membranes cut into (1 cm × 1 cm) then were immersed in 10 mL PBS (pH 7.4), and incubated at 37 ºC for 24 h until reach to equilibrium swelling weight. The swollen hydrogel pieces were transferred to buffer solution containing BSA (30 mg mL-1) and shacked for 4 h at 37 ºC, and then the hydrogel pieces were gently removed. The protein adsorption was calculated by the difference between protein concentrations before and after immersing hydrogel pieces in protein/phosphate buffer solution using albumin reagent kit (at 630 nm), this procedure has been adapted and slightly modified from the reported procedure of Lin et al.26

  In vitro biocompatibility and cell viability testing

  Human hepatoma (HepG2) and Hela cells have been chosen to investigate the cytotoxicity or cell viability (%) of PVA-HA membranes, using microculture tatrazolium assay (MTT-assay). The cells were cultured and grown in complete RPMI 1640 media supplemented with 10% fetal bovine serum and complete Dulbecco's Modified Eagle Medium (DMEM) media supplemented with 10% fetal bovine serum for HepG2 and Hela cells, respectively, (at 37 ºC in a 5% CO2, 95% humidity atmosphere). Briefly, about 104 HepG2 and Hela cells in 200 µL complete media were plated in 96-well micro-titer plates and PVA-HA membranes were added then cultured for 4 days at 37 ºC. Another method, the cells were seeded in 96-well plates at a density of 
    104 cells per well and incubated overnight at 37 ºC and 5% CO2, then the medium was refreshed with new media containing PVA­HA membranes. The cells were incubated for 4 days at 37 ºC. After incubation, the cells were washed twice with PBS or fresh media, and 200 µL of MTT solution (0.5 mg mL-1 in PBS) was added to each well. After incubation for 6 h at 37 ºC, 5% CO2, the media was left-aside and the wells were dried. Formazan crystals were re-suspended in 200 µL dimethyl sulfoxide (DMSO), and then shacked for 5 min to fully dissolve formazan in the solvent. The optical density was monitored at 570 nm with a reference at 630 nm. Parallel medium containing test substances was treated the same way in the absence of cells to exclude staining effects with adding substances itself. The relative cell viability (%) compared to control wells containing cells without adding other additives was determined, as given in equation 4.27-29
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  where, Atest is number of cells after incubation with membranes and Acontrol is number of initial cells before incubation with membrane samples. The dynamic fluid viscosity of culture medium DMEM was measured before and after cell culture using dynamic fluid viscometer (model: SVM 3000-Stabinger viscometer, Anton Paar, USA).

  Antimicrobial activity test

  Disc diffusion method

  The effect of PVA-HA hydrogel disc membranes (different HA contents, e.g., 0, 10, 20, 30, 40, and 50%, m/m) against human pathogenic bacteria and fungi was examined using the universal agar diffusion method as following. Luria broth (LB) agar medium (Oxoid, England) was prepared according to the manufacture instructions and was sterilized at 1.5 psa and 115 ºC for 20 min. Before solidification; the prepared sterilized medium was poured into 9 cm sterile Petri plates and kept to solidify at room temperature. Overnight cultures (18 h) of LB containing single colony of the tested pathogenic bacteria and fungi tests as follows: Gram-negative bacteria, (e.g., Escherichia coli (E. coli), Klebsiella pneumonia, and Enterobacter sp.), Gram­positive bacteria, e.g., Staphylococcus aureus and fungi, e.g., Candida albicans, respectively were grown at 30 ºC and 200 rpm, then were spread over the LB plates using sterile cotton swaps. Hydrogel disc membranes (0.7 cm diameter) were distributed on the plate's surfaces under sterile conditions using sterile forceps. For hydrogel disc samples which containing ampicillin as an antibiotic model; 0.5 mg mL-1 of ampicillin sodium salt was mixed to PVA-HA blended solution, vortexed for 30 min and poured in Petri-dish for conducting F-T cycles before evaluating the antimicrobial test. The plates were then preserved at 4 ºC for 1 h and then transferred to 30 ºC incubator for 24 h. Finally, the formed clear zones or microbial inhibition zones were measured in centimeters and recorded precisely. This test has been conducted triplicate to calculate the inhibition zone average.

   

  Results and Discussion

  Swelling and gel fraction

  Figure 2 shows the water uptake and the gel fraction of PVA-HA hydrogels membrane versus different HA contents using equations 1 and 2. In the light of presented swelling results, the results indicate clearly that, a significant water uptake was noticed by addition of HA (0­20 m/v, %). Moreover, a convergent increase in the water uptake was found with incorporation HA between 30% and 50%. It was found that also the maximum swelling ability of PVA-HA hydrogels increases with an increase of HA contents in PVA hydrogels. These results were attributed to the high hydrophilicity degree of HA that increases the swelling ability of obtained PVA-HA hydrogels as HA is added ceaselessly. These results are coincided with previous reported results in literatures.6,13,30,31 They found that, the swelling of PVA-hydroxyethyl starch (PVA-HES) and PVA-alginate blended hydrogel membranes increased with increasing the blended polymer, e.g., HES or alginate contents, respectively. On the other side, the gel fraction of the PVA-HA hydrogel membrane decreases progressively with the increase of HA content. Generally, when the gel fraction decrease, the hydrogel strength becomes weaker, however the hydrogel flexibility is increased.32,33 Therefore, HA could be used to adjust the strength and flexibility of hydrogel, because it reduces the crosslinking reaction opportunities and consequently the gel formation reduces too. These results are fully consistent with results of Zhai et al.,34 for PVA-starch blended hydrogels and Zhao et al.,35 for PVA-carboxymethylated chitosan blend hydrogels.
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  Mechanical properties

  The influence of HA content on the mechanical properties of PVA hydrogel membranes has been estimated in terms of, their tensile strength and elongation-at-break, as presented in Figure 3. The maximum tensile strength and elongation-at-break of PVA-HA hydrogel membranes, decreases clearly with increasing the HA content in membranes. As HA was blended with PVA, the crosslinking density of the gel was decreased and the mechanical flexibility increases. These results are coincided with that of Razzak et al.36 They reported that the maximum tensile strength of PVA hydrogel deteriorated with addition of the blended polymer, owing to decreasing the crosslinking degree and density. Hwang et al.37 demonstrated that, the maximum tensile strength of PVA hydrogel has decreased sharply with increasing dextran portions in the hydrogel. Similarly, Kenawy et al.13 reported that the maximum tensile strength and elongation-at-break of PVA-HES hydrogel membranes, sharply decreased with increasing HES contents. All these reported contributions refer to the addition of blend polymers into PVA might hinder the entanglement reaction, unlike the mechanical flexibility improved.
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  Hydrolytic degradation

  Gravimetric calculation was performed to study the hydrolytic degradation or the mass loss (%) of PVA-HA hydrogen membranes. The hydrolytic degradation of PVA hydrogel membrane as a function of different hyaluronic acid contents in membranes was conducted in PBS, as shown in Figure 4. The results exhibited that, the constant rate of hydrolytic degradation of PVA hydrogel membrane increases progressively with increasing the HA content in PVA hydrogel membranes, due to increasing of the hydrophilicity of HA parts in membrane composition. Weight loss (%) results of PVA-HA hydrogels as presented in Figure 4 are fully coincided with the swelling results as presented in Figure 2. This phenomenon can be ascribed to the degradation of PVA-HA hydrogel membranes that are mostly caused by the breaking of crosslinking segments between PVA and HA molecular structures which produce low molecular weights and degraded polymers. The weight loss results refer to that, the degradation behavior follows the second order kinetic. This also is owing to the fact that, the degradation of PVA is much slow (ca. 30% within 2 days, Figure 4) as well as previously discussed by Takasu et al.,38 whereas the degradation of PVA-HA is much higher than the pristine PVA hydrogel (between ca. 40% and 78% within 2 days, Figure 4). In addition, as PVA and HA are nontoxic, this implies that, obtained byproducts of degraded PVA-HA moieties might be hypothesized to be nontoxic too.
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  Protein adsorption

  The membrane blood compatibility is evaluated by the amount of plasma protein adsorbed onto the membrane surface. The protein adsorption onto PVA-HA blend hydrogel membranes has been conducted via in vitro experiment.  Figure 5 shows the protein adsorption onto surface of PVA-HA hydrogel membrane as function of different HA contents in distilled water. The mechanism of protein adsorption on surface of PVA-HA membranes is owing to various types of interaction forces between protein molecules and the membrane surface, such as weak bonding (e.g., Van der Waal interactions, ionic bonding, hydrogen bonding or hydrophobic interactions) or strong chemical bonding due to chemically surface modified membranes.13 Thus, in our study the clearest values of protein adsorption on PVA-HA surface have been detected with the highest values of hydrophilic surface interaction due to addition of HA portions. The results appeared that the adsorbed protein onto surface of PVA hydrogel membrane increases with increasing HA contents in PVA hydrogel membranes, and the highest values of protein adsorption on PVA-HA surface have been detected with the highest values of hydrophilic surface interaction, due to the addition of HA contents. Interestingly, the protein adsorption onto membrane surface has improved within 200% to 400%, after inclusion the HA with different portions (Figure 5). For further evidences, when the tested membrane is direct contacting with the blood, the protein is adsorbed onto membrane surface resulting in platelet adhesion and activation.39,40 Since, the albumin adsorption on the synthetic surfaces could inhibit platelet activation, which does not promote clot formation. Therefore, high protein adsorption property of wound dressing materials is of the most required characteristics.41 Thus, HA gave less adhesion of platelets onto artificial surfaces and high protein or plasma adsorption property. These results are compatible with reported results by Kim et al.,33 and Hwang et al.37 They proved that, the adsorption of protein increased with increasing blended alginate and dextran polymers in PVA hydrogel membranes, respectively.
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  In vitro biocompatibility test

  In vitro biocompatibility is principle property of any material being implanted in the biological body. The biocompatibility and cell viability (%) toward the components of PVA-HA membranes were tested in vitro by MTT-assay using HepG2 and Hela human cell lines (Figure 6). As shown, PVA-HA hydrogels with low HA contents (i.e., 0-20%) showed ca. 100 (%) of cell viability and non-toxicity behavior was observed. In the contrast, the cell viability (%) decreased dramatically with increasing HA contents (> 30%) in PVA membranes composition, and relatively less dead cells were observed. These results might be attributed to the released or degraded HA molecules in the culture media assuming an expanded random coil structure in physiological solution which occupy a very long domain and HA forms viscous compounds in DMEM culture media. This high viscous media might inhibit and reduce the migration, movement and cell viability (%). Thus, the fluidic viscosity of DMEM culture media increases as (0.00081, 0.0021, 0.0086, 0.0145, 0.0162, and 0.0187 Pa.s) for (0, 10, 20, 30, 40, and 50 m/v, %) of HA content), respectively. Furthermore, this allows an exceptionally high swelling ability for PVA­HA hydrogels with high HA contents, (Figure 2). These results are fully consistent with results of Schramm et al.42, and Becker et al.43They demonstrated that, the high HA content in DMEM culture media increased the viscosity, and consequently the biocompatibility of the culture media was reduced as well.
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  Antimicrobial activity

  The antimicrobial activity test is a crucial parameter for wound dressing. The antimicrobial assay of PVA-HA membranes with/without ampicillin-loaded against E. coli, Staphylococcus aureus, Klebsiella pneumonia, Enterobacter sp. and Candida albicans was checked. The results of bacterial inhibition zones were listed in Table 1, and their selected photographs were presented in Figure 7. An antibiotic like ampicillin or another antimicrobial drug is urgent loaded onto the dressing material to stop the microbes growth or killing them outright.44
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  Thus, most dressing materials are derived from polymeric materials loaded-antimicrobial drug, even in case the used polymeric materials have antimicrobial activity themselves, like chitosan-dressing materials which have a dual antimicrobial actions.22,45 Interestingly, the results in case E. coli, no inhibition zone was formed even with PVA-HA-ampicillin loaded membranes. This implies that, E. coli has a hard resistant against membrane compositions containing ampicillin. This was clearly evident when the control assay (PVA-ampicillin discs) exhibited also negative results against the microbial growth. Conversely, the control assay sample and PVA-HA-ampicillin-loaded could effectively constrain the growth of Staphylococcus aureus, and the formed inhibition zones were obviously dispersed with HA incorporation as compared with the control assay. However, these inhibition zones do not form in the absence of ampicillin-loaded membranes, (Table 1 and Figure 7). These results might be attributed to Staphylococcus aureus growth inhibition is owing to only the presence of ampicillin antimicrobial inhibitor and the inhibition zones were further improved with HA introduction, which is entirely opposite behavior of E. coli. It is exciting to find that, PVA-HA membranes without ampicillin showed a big resistance for microbial growth against Candida albicans and the inhibition zones were improved with HA incorporation to PVA hydrogel as found with Staphylococcus aureus. This result is regarded as important and remarkable results, because of Candida albicans is well-known the most frequently microbial can infect the body skin wound, which matches the study goal. Overall, the microbial resistance was improved for PVA­HA with certain HA content in membrane composition (up to < 20%), and it was further improved with the membrane ampicillin­loaded. Unexpectedly, in case of Klebsiella pneumonia and Enterobacter sp ., PVA­HA membranes in the absence of ampicillin do not show antimicrobial activity and no inhibition zones formed, whereas the inhibition zones were found with the control assay (Table 1). The current antimicrobial results are consistent with our published results of Kamoun et al.31 They showed antimicrobial activities for PVA-alginate membranes ampicillin-loaded against Gram-negative and Gram-positive bacteria after altering the alginate content in PVA membranes composition. Our results conflict slightly with the results of Abd El-Mohdy et al.46 They revealed that the various PVP contents in PVA hydrogels showed antimicrobial activates against E. coli, Bacillus subtilis and Staphylococcus aureus owing to PVP has antimicrobial activity itself, and no activity against Pseudomonas aeruginosa was observed. Similarly, the antibacterial behavior of hydrogels based on PVA/water­soluble­chitosan was ascribed to their capability to bind the negatively charged bacteria to the positively charged amino groups of polymer in hydrogel.22

   

  Conclusions

  In conclusion, the PVA-HA hydrogels have been successfully prepared by F-T as a physical crosslinking method. The physicochemical properties of obtained PVA­HA hydrogels have been assessed as function of different HA contents. The results showed that incorporation of HA in the F-T crosslinked PVA network appreciably affected its physicochemical properties. The swelling behavior, mechanical flexibility, hydrolytic degradation rate and protein adsorption of PVA-HA hydrogel membranes increased with increasing the HA content in hydrogel composition. However, as the gel fraction decreased, the mechanical strength of the gel was weakened but the flexibility was increased. Addition HA into PVA hydrogel membranes improved protein adsorption property onto PVA membrane surface as compared to pristine PVA membranes. Therefore, the HA content in hydrogel composition could be used to control the mechanical strength and flexibility of PVA­HA hydrogels because it reduced the crosslinking reaction and, consequently the gelation process. PVA­HA hydrogel membranes supernatant exhibited nontoxic behavior and higher cell viability with low HA contents (up to < 20%), compared with the high HA content hydrogels. Interestingly, PVA-HA without-ampicillin membranes showed effective antimicrobial activity, particularly against Candida albicans, as a result of the HA presence. However, the same membranes showed similar antibacterial activity against Staphylococcus aureus especially after loading ampicillin. The PVA-HA membranes offered no microbial resistance against E. coli, membranes with/without ampicillin-loaded. Thus, the addition of HA to PVA hydrogels changed and improved the physicochemical properties and biological activity of membranes, compared with the pristine PVA hydrogel for wound dressing applications. Thus, it is a potential wound dressing with easy forming and improved bio-evaluations for wound dressing application.
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    In this study, simple and efficient ultrasound-assisted emulsification microextraction (USAEME) based on applying low density organic solvents combined with gas chromatography­flame ionization detector (GC-FID) was developed for the preconcentration and determination of mononitrotoluenes (MNTs) in water samples. In this method, the fine droplets of toluene were formed and dispersed in the sample with the help of ultrasonic waves which accelerated the formation of the fine cloudy solution without using disperser solvents. Several factors influencing the extraction efficiency such as the nature and volume of organic solvent, extraction temperature, ionic strength and centrifugation time were investigated and optimized. Using optimum extraction conditions, dynamic linear ranges of 0.5-500 µg L-1, and limit of detections (LOD) of 0.3 µg L-1 were obtained for o-nitrotoluene, m-nitrotoluene and p-nitrotoluene. Finally, the method was successfully applied to the extraction and determination of MNTs in the water samples in the range of micrograms per liter with relative standard deviations (RSD) < 12%.

    Keywords: ultrasound-assisted emulsification microextraction, mononitrotoluenes, water samples, gas chromatography

  

   

   

  Introduction

  Isomers of mononitrotoluenes (MNTs) are widely presented in the aquatic environmental due to their vast spread of uses in several industrial and chemical manufacturing applications. In toluene nitration, three isomers are produced in a ratio of about 58.8%, o-nitrotoluene, 36.8% p-nitrotoluene, and 4.4% m-nitrotoluene. MNTs are used in the synthesis of intermediates for production of dyes, rubber chemicals, drugs, resin modifiers, optical brighteners, suntan lotions, and photographic developing agents.1 Nitrotoluenes are highly toxic compounds in low concentrations. Moreover, the aromatic amines formed by biodegradation are suspected to be carcinogenic. The tolerance limits of m-nitrotoluene, o-nitrotoluene and p-nitrotoluene in water samples are below of 2 microgram per liter (µg L-1). Consequently, there is increasing interest in the determination of concentrations of MNTs at low levels in various matrices.2,3 The most common ways to extract MNTs are liquid-liquid extraction (LLE),4 solid-phase extraction (SPE),2 solid-phase microextraction,5 single drop microextraction (SDME)6 and headspace solvent microextraction (HSME).7 LLE needs large amounts of toxic solvents and is a time-consuming procedure. SPE is also time-consuming method in which a solvent evaporation step is required in order to pre-concentrate the analytes before final analysis.8 SPME has been developed to extract MNT.5 However, it is expensive, and the fiber used is fragile and has limited life time. Further, sample carry-over in this method can be problematic.9 SDME has been developed as a solvent-reduction sample preparation procedure, and since small amount of solvent is used, there is minimal exposure to toxic organic solvent. However, it is a time-consuming method in which equilibrium could not be attained after a long time.10 Recently, Rezaee et al.,11 have introduced a more effective solvent microextraction technique with high extraction recovery termed dispersive liquid-liquid microextraction (DLLME). In DLLME, the appropriate mixture of extraction solvent and disperser solvent is rapidly injected by syringe into aqueous samples containing analytes. Thereby, cloudy solution forms. In fact, the cloudy state results from the formation of fine droplets of extraction solvent dispersed in the sample solution. This cloudy solution is centrifuged and the fine droplets are sedimented at the bottom of conical test tube. The determination of analytes in the sedimented phase can be performed by instrumental analysis. However, consumption of disperser solvent in DLLME have lead to some disadvantages such as decreasing of partition coefficients of analyte into the extracting solvent and increasing of the cost, as well as, environmental pollution, plus the variety of solvents that can be used in this method is limited.12-15 Ultrasound-assisted emulsification microextraction (USAEME) procedure combines micro­extraction system and ultrasonic radiation in one step. In the USAEME technique, the application of ultrasonic radiation facilitates the emulsification phenomenon and accelerates the mass­transfer process between two immiscible phases. This leads to an increment in the extraction efficiency in a minimum amount of time.16 In fact, this preconcentration technique has been developed by Regueiro et al.,17 who successfully applied it to determine synthetic musk fragrances, phthalate esters and lindane in aqueous samples. Saleh et al.18 applied low-density organic solvent using home-designed centrifuge glass vials for determination of polycyclic aromatic hydrocarbons (PAHs) in water samplesandSobhi et al.19 applied DLLME for the determination of MNT in water samples.

  This work evaluates the suitability of USAEME for the extraction and determination of MNTs in water samples. The factor affecting the microextraction efficiency was investigated in detail and the optimal conditions were then established. The results indicated that the method could be successfully applied to determine MNTs in different water samples.

   

  Experimental

  Chemicals and reagents

  The studied MNTs including o-MNT, m-MNT and p-MNT were purchased from Merck (Germany). The stock standard solutions (500 mg L-1) were prepared in methanol. All of the standard solutions were kept in the refrigerator at 4 ºC. Working solutions of standards at suitable concentration were prepared every day from the stock solution. Toluene, 1-octanol, 1-undecanol, 1-dodecanol and NaCl were obtained from Merck. The water used was purified on a Youngling ultra pure water purification system Aqua MaxTM fromUltra (Dongan-gu, Korea).

  Apparatus

  A 40 kHz and 0.138 kW ultrasonic water bath with temperature control (Tecno-Gaz SpA, Parma, Italy) was applied to emulsify the organic solvent. 125 µL Hamilton syringes (Bonaduz, Switzerland) were used to inject the organic solvent into the samples. Twenty milliliters home­designed centrifuge glass vials were used for extraction and collection procedure (Figure 1). A 10.0 µL of a Hamilton gas-tight syringe was applied for the collection of floated organic solvent and injection into the gas chromatograph (GC). A GC (Agilent GC-7890, Santa Clara, USA) equipped with a split/splitless injector system and flame ionization detector was used for separation and determination of target analytes. Ultra pure helium gas (99.999%, Air products, Millennium Gate, UK) was passed through a molecular sieve and oxygen trap (Crs, Louisville, USA) and was used as carrier gas with a flow rate of 2 mL min-1. The injection port was held at 250 ºC and operated in the splitless mode for 1 min and then split valve was opened and split ratio of 1:5 was applied. Separation was carried out on a DB5, 25 m × 0.32 mm i.d. and 0.25 mm film thickness from J&W Scientific capillary column. The oven temperature was kept at 100 ºC for 1 min and then increased to 140 ºC at the rate of 10 ºC min-1 and then increased to 250 ºC at the rate of 40 ºC min-1, and was held for 3 min. The flame ionization detector (FID) temperature was maintained at 270 ºC. Hydrogen was generated by hydrogen generator (OPGU­2200S, Shimadzu) for FID at a flow rate of 40 mL min-1. The flow of air (99.999%, Air products) for FID was 400 mL min-1.

  
    

    [image: Figure 1. Schematic representation of the proposed method (a) sample]

  

  USAEME procedure

  Sample was placed in a home-designed centrifuge glass vial (length: 11 cm and diameter: 1.5 cm) (Figure 1a). Then, 14.0 µL of toluene was injected into solution and sample was sonicated for 30 s at 25 ºC in an ultrasonic bath (Figure 1b). As a result, oil-in-water emulsions of toluene in water were formed. After centrifuging at 3500 rpm for 5 min, the organic solvent droplet was floated on the surface of the aqueous solution due to low density below water. After separation of the two phases, a few microliters of doubly distilled water were added into the vial through the glass tube fixed on the side of the vial (length: 3 cm and diameter: 0.5 cm) (Figure 1c). The floated organic solvent was rised into the capillary tube attached to the top of the vial and collected by a gas-tight syringe (Figure 1d). Two microliters of collected organic solvent was injected into GC-FID instrument.

   

  Results and Discussion

  In the proposed method, an ultrasound-assisted emulsification microextraction (USAEME) based on applying low density organic solvents as a new sample preparation technique was used for the extraction of MNTs from water samples. The influences of various parameters such as the kind and the volume of the extraction solvent, ionic strength, extraction temperature and centrifugation time on the extraction efficiency were studied and then the optimum conditions were selected.

  Selection of extraction solvent

  The selection of a suitable extraction solvent is critical for the USAEME process. In the USAEME, the extraction solvent should have following characteristics: (i) lower density than that of water, (ii) low solubility in water, (iii) the ability to extract interest analytes. Based on these requirements, four organic solvent candidates, including toluene, 1-octanol, 1-undecanol and 1-dodecanol were investigated. The results (Table 1) revealed that the extraction recovery obtained for the analytes using toluene were higher than those with the other solvents. Therefore, toluene was selected as the extraction solvent for the study.

  
    

    [image: Table 1. Extraction efficiency]

  

  Effect of centrifugation time

  Centrifugation is essential to separate extraction solvent from aqueous solution in USAEME, because centrifugation time may affect the volume of floated phase. The effect of the centrifugation time on the extraction efficiency was examined from 2 to 20 min at 3500 rpm. Theoretically, a longer centrifuging time would result in more organic drops and higher enrichment factors of the target compounds because a fast separation of solvent extraction from the aqueous solutions would be difficult. Extraction solvent drops were very small when the centrifuging time was too short, and excessing centrifuging time resulted in heat generation, dissolving of part of the extraction solvent and losing sensitivity. Therefore, it is necessary to find suitable centrifuging time. In the presented work, at higher centrifugation times (> 15 min), the volume of collected solvent was decreased. Therefore, considering the extraction efficiency, 10 min was selected as the optimum centrifugal time.

  Effect of volume of extraction solvent

  The effect of the volume of the extracting solvent on the proposed method of MNTs was also investigated at five levels in the range of 12-50 µL. Volumes smaller than 10 µL were dissolved in aqueous bulk. The minimum collectable volume of organic solvent in the designed system was 2 µL (12 µL of emulsified toluene). Preconcentration factor (PF) was calculated using the equation 1:

  
    [image: Equation 1]

  

  In the equation 1, Ccollected are the concentrations of the analytes in the collected organic phase and Cinitial the initial concentrations of the analytes in the sample solution. Figure 2 shows the preconcentration factor of the analytes versus different volumes of toluene. As shown in Figure 2, the concentration of the analytes in the organic phase decreased by increasing of the volume of the organic phase due to the dilution effect. Results showed that maximum preconcentration factor was achieved by using 12 µL of toluene for the extraction procedure. But, due to the difficulty of the collection of 2 µL of the floated toluene that produced poorer precision, the volume of 14 µL was chosen as the optimum volume of the organic solvent.

  
    

    [image: Figure 2. Effect of extracting solvent volume on the preconcentration]

  

  Salt addition

  The influence of ionic strength was evaluated at 0-8% (m/v) of NaCl levels while other parameters were kept constant. The experimental results showed that salt addition had no significant effect on the extraction efficiency of the analytes. This is possibly because of two opposite effects of addition of salt. One is to increase the volume of the collected organic phase and decrease the dispersion efficiency, which reduces the extraction efficiency; another is the salting-out effect, which increases the extraction efficiency. It is mentioned that by increasing the salt concentration, the volume of the collected organic phase increases, because of the decrease of solubility of the extraction solvent in the presence of salt. Therefore, all the following experiments were carried out without adding salt.

  Effect of emulsification-extraction temperature

  Temperature affects organic solvent solubility in water as well as the emulsification phenomenon. Thus, this affects the mass-transfer process and the extraction efficiency. To determine the influence of the extraction temperature, extraction producers were done in different temperatures such as 20, 25, 35, 40 and 50 ºC. The results are shown in Figure 3. It was observed that the highest extraction efficiency was obtained at the range of 20-25 ºC, but in higher temperature (35-50 ºC), extraction recoveries decrease. This event is possible because of the decrease in distribution coefficient (KD) in higher temperature. Hence, 25 ºC was used for further experiments.

  
    

    [image: Figure 3. Effect of extraction temperature on the extraction efficiency]

  

  Influence of extraction time and ultrasound time

  The extraction time is defined as the interval time started after dispersion and ended just before centrifugation. The results show that extraction time has no significant effect on the extraction efficiency of the analytes. It was revealed that the contact surface between extracting solvent and aqueous sample was infinitely larger and equilibrium state was achieved during a few second. Therefore, in further experiments the centrifugation was carried out just after dispersion process. The effect of ultrasound time on the extraction efficiency was examined in the range of 0­180 s. The results (Figure 4) show that in the less than 30 s, extraction efficiency is low, because of the ultrasound time is not enough for dispersion phenomenon and after 30 s the extraction efficiency do not changed significantly, because of equilibrium state was achieved a few second. Therefore, 30 s was selected as the optimum value for further experiments.

  
    

    [image: Figure 4. Effect of ultrasound time on the extraction efficiency]

  

  Method performance

  Analytical performance

  To evaluate the practical applicability of the USAEME method, analytical quality parameters (i.e., linearity, repeatability, limit of detection (LOD) and limit of quantification (LOQ)) were investigated. The performance of the method under the optimum conditions is shown in Table 2. The linear dynamic ranges were from 0.5 to 500 µg L-1 for o-MNT, p-MNT and m-MNT in water samples. Good LODs (0.3 µg L-1) were obtained, based on S/N = 3 and also, LOQs 1.0 µg L-1 were obtained, based on S/N = 10. The preconcentration factors (PF) were in the ranges of 1066 to 1132 in water samples. The relative standard deviation (RSD%) for extraction and determination of the analytes were obtained at three different concentration levels and the results was shown in Table 3.

  
    

    [image: Table 2. Quantitative results of USAEME and GC-FID method]
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  Table 4 compares proposed method with other extraction methods for the determination of the target analytes in water samples. The comparison of extraction time of the proposed method with solid-phase microextraction (SPME)5 and single drop microextraction (SDME)6 for the extraction of the target analytes indicates that this novel method has a very short equilibrium time comparing to the mentioned methods and the extraction time needed for the proposed method is a few seconds. Quantitative results of proposed method are better than SPME and SDME without using sensitive detector such as mass spectrometer (MS). Quantitative results of the proposed method are comparable with homogeneous liquid-liquid extraction (HLLE)20 method and better than of dispersive liquid-liquid microextraction (DLLME) method.19 The RSD of the proposed method are better than of DLLME and HLLE methods. Also, consumption of disperser and homogeneous solvents in DLLME and HLLE have lead to some disadvantages such as decreasing of partition coefficients of the analytes into the extracting solvent and increasing of the cost as well as environmental pollution, plus the variety of solvents that can be used in this method is limited. Finally, it can be concluded that, the broad linear dynamic range combined with the low detection limit suggests a high potential for monitoring MNTs in water samples by applying the USAEME-GC-FID method.
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  Analysis of real samples

  In order to test the applicability of the proposed method, four different water samples (tap, well, river and sea water) were extracted and analyzed. The results are recorded in Table 5. All the water samples were spiked with MNTs standard solution at three different concentration levels (2.0, 5.0 and 10.0 µg L-1 concentration levels) to assess the matrix effects. The obtained relative recoveries were between 82.5 and 99% (Table 5). The results show that matrix has negligible effect on USAEME of MNTs. Figure S1 shows GC-FID chromatograms of river water prior (Figure S1a) and after (Figure S1b) spiking with MNTs at 2.0 µg L-1 level.
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  Conclusions

  In the present study, USAEME combined with GC­FID was applied to determine MNTs at trace levels concentrations in water samples. The present USAEME technique reduced sample extraction time and organic solvent consumption. Under the optimized conditions, good recovery, linearity and reproducibility were obtained. The proposed method was simple, rapid and cheap and possessed great potential in the analysis of MNTs in real water samples and can be used to monitor MNTs in real water samples.

   

  Supplementary Information

  Supplementary data (USAEME-GC-FID chromatogram of MNTs) are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    In this study, one particular application of in situ pulse anodic stripping voltammetry and polytetrafluoroethylene membrane-based liquid three-phase micro extraction is presented for the micro extraction and quantification of cadmium(II) ions in trace levels. The main factors influencing on preconcentration and micro extraction of cadmium ions such as organic solvent, aqueous feed solution pH and acceptor phases, complexing agent concentration, time of extraction and stirring were examined and discussed in details. The design voltammetric cell was made of three microelectrodes inserted into an extraction cell, containing acceptor solution and then the voltammetric analysis was performed in situ during the extraction time. The enrichment factor and the relative standard deviation, under the optimized conditions, were 15 and 1.7% (n = 5), respectively. The obtained calibration curve was in the range of 1.0-250 nmol L-1 CdII with a regression coefficient of 0.9980. The limit of detection was found 0.1 nmol L–1. Due to the high total effective area of the gold nanoparticles and the low analyte concentration, the anodic stripping voltammetric method relies exclusively on the underpotential deposition and stripping process of CdII on gold, with little hydrogen evolution during deposition at -0.40 V and no gassing at the stripping peak near 0.0 V vs. Ag/AgCl. The good selectivity for the underpotential deposition/stripping method is one of advantages of the proposed method. The efficiency of the method for determination of cadmium(II) for real samples was checked using fish and rice samples.
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  Introduction

  Cadmium(II) is known as a toxic metal ion, due to the site and type of exposure. It causes different damages and defects in lungs, kidneys and bones.1 Cadmium, with its high half-life time from 10 to 33 years, can accumulate in liver and kidneys. The impermanent permissible intake of cadmium, based on the recommendation of world health organization, should not exceed 0.4 to 0.5 mg per week or 0.057 to 0.071 mg per day.2 The mechanisms toxicity of CdII can be explained as tissue injury by producing oxidative stress, epigenetically changes in DNA expression and inhalation or up regulation transport pathways, especially in the proximal of the kidney tubule.3 Therefore, determination of cadmium ions at trace levels is very important. Different methods of chemical analysis such as potentiometric method,4 atomic absorption spectrometry,5-7 inductively coupled plasma,8,9 ion chromatography,10 spectrophotometry,11-13 voltammetry,14-19 liquid-liquid extraction (LLE),20 electrochemiluminescence21 and molecular fluorescence spectroscopy22 have been reported for quantifying CdII. One of the most sensitive methods in trace level determinations of metal ions is anodic stripping voltammetry.23,24

  In voltammetric analysis, it is known that the shape and the type of electrodes play a significant role in the obtained results. Many limitations such as sluggish electron transfer, low selectivity, high overpotential, lack of reproducibility and electrode fouling can be listed during the use of bare electrodes.25-27 In order to overcome these problems, the use of sample preparation and electrode surface modification by suitable compounds has been considered. Various methods and substances have been used to modify the applications of electrodes.28,29 Using sol-gel decorated Au nanoparticles and modifying a bare electrode can be regarded as a noteworthy method in which a high sensitivity is obtainable.30-35 As a point of view, gold nanoparticles with high surface area and interesting physiochemical properties are one of the good sorbents.36,37

  Liquid three-phase micro extraction (LPME) as a technique for preconcentration and clean up has been used during these years.38-40 As some advantages of the LPME, we can refer to ease of operation, low solvent consumption, low cost and high preconcentration factor.41,42 In this method, analytes are extracted from the donor solution (aqueous solution) through a thin layer of organic solvent, immobilized within the pores of the porous membrane, and then back-extracted into an acceptor solution inside the designed extraction cell. Pores in the walls of the membrane show some selective properties by preventing the extraction of macromolecules such as proteins and some particles from matrix of a sample. To reach the optimum conditions, organic solvent selection and extraction conditions have critical role.43

  Polytetrafluoroethylene (PTFE) membrane has been formed and examined with different fabrics and papers with pore sizes of 0.2-0.4 µm.44,45 In addition to acidic and basic solutions, these polymers are actually inert and hydrophobic. So, the 3D construction of the membrane is not affected by the two phases and the partitioning constant of the organic solvent with the membrane pores should be the same as that for the solvent.46

  The purpose of this study was to combine differential pulse anodic stripping voltammetry (DPASV) combined with LPME and a PTFE membrane, using a modified electrode. The main idea of this combination is to boost the selectivity and sensitivity of cadmium ions determination in different complex media such as food and wastewater samples. In this study, gold nanoparticles-sol-gel modified platinum wire was used as a working electrode. 1-(2-pyridylazo)-2-naphthol (PAN), as a typical ligand, was used as a complexing agent. The method is highly selective and sensitive.

   

  Experimental

  Reagents

  Milli-Q water (resistance > 18 MΩ cm) was used in the experiments. PTFE membrane with average pore size of 0.22 µm and thickness of 0.1 mm was obtained from Iran Membrane and Trading Group (Golestan, Iran). Sodium hydroxide, sodium chloride, hydrochloric acid (37%, m/m), PAN, octanol, 2-decane, isoamine benzoate, undecane, propyl benzoate and dibenzyl ether were purchased from Merck (Darmstadt, Germany). 3-trimethoxysilyl-1-propanethiol (MPTS, 95%) was purchased from Aldrich (St. Louis, USA). Other reagents were of analytical grade and were purchased from Merck (Darmstadt, Germany).

  To prepare a stock solution of CdII (1.0 mmol L–1), a proper amount of cadmium salt (as a nitrate salt) was dissolved in water in the presence of 1 mL 0.1 mol L–1 HNO3. More dilute solutions were prepared daily using the CdII stock solution.

  Apparatus

  All electrochemical measurements were achieved using a computer-controlled potentiostat (Metrohm, Model 797 VA) and the data were analyzed with 1.2 Metrodata software.

  Atomic force microscopy (AFM) (Bruker Nano instrument, Germany) was performed in contact mode using, working in normal conditions.

  Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) spectra were recorded using a Tensor 27 (Bruker, the Germany) FTIR spectrometer. 

  A digital pHmeter (Corning Model 140) was used to measure the pH of the solutions until a reaching steady­state.

  Preparation of the microelectrodes

  An Ag/AgCl reference microelectrode was constructed based on the previous works.38 A small shift in the potential of the reference microelectrode (vs. the conventional reference electrode) was observed. Anyway, during the experiments, the electrode was stable and reproducible.

  A piece of platinum wire with diameter of 0.1 mm was used as a counter electrode. As a working electrode, another piece of platinum wire with the same outer diameter, which had been decorated with gold nanoparticles was used. Gold decorating of the sol-gel was done via acidic catalyzed conditions.

  As the coating solution the amount of MPTS, hydrochloric acid solution (0.1 mol L–1) and ethanol in a volume ratio of 1:1:1.5, respectively were mixed into a polypropylene flask. The mixture was stirred and heated at 50 ºC. After 15-20 min, the coating process of the platinum-wire electrode was performed by dipping 1.5 cm of a Pt-wire into the solution mixture for 15 s. After coating and washing the electrode with 5 mL of water, it was inserted into an electrochemical cell containing 2.0 mL of HAuCl4 (0.1%). The working electrode potential was adjusted at -200 mV for a period of 60 s.47 The gold nanoparticles were chemically bonded to the -SH functional group of the sol­gel on the surface of the Pt-wire. Then, about 10 mm of the modified platinum electrode was contacted to the acceptor solution. The systematic scheme of the electrochemical analysis is illustrated in Figure 1a.

  
    

    [image: Figure 1. (a) Schematic of the working electrode]

  

  PTFE membrane precondition and extraction cell procedure

  The PTFE membranes were set in acetone vial and then left so that the acetone was evaporated completely. Then, the membranes (Figure 1b) were sonicated for 30 min in ethanol to remove the contaminations and were washed with acetone again. The solvent was allowed to evaporate completely. In the next step, in order to impregnate the pores, the PTFE membranes were immersed in propyl benzoate containing PAN (as a ligand) for 120 s. Then, the wet part of the membrane was cut as a circle shape with 3 mm diameter size and was placed in the Teflon electrochemical cell (extraction cell, with 3 mm diameter). Finally, the screw was tightened.

  For the extraction, 5.0 mL of the sample solution was filled into a 10 mL beaker (adjusted below the electrochemical cell) that was placed on a magnetic stirrer. Then, 200 µL of the acceptor phase (200.0 µL of 0.2 mol L–1 HNO3 and 0.01 mol L–1 NaCl) was added to the extraction cell. The three microelectrodes for in situ voltammetric analysis were inserted into the extracted cell (Figure 1c). During the extraction, the sample solution was continuously stirred (700 rpm) at room temperature for 20 min. For each extraction, a piece of the membrane was employed only once. 

  For the measurement of cadmium, DPASV was selected as a suitable detection technique. Differential pulse voltammogram was employed in the potential range of –0.40 to +0.20 V with a scan rate of 25 mV s–1, pulse time of 0.05 s, pulse amplitude of 250 mV, deposition potential of –0.40 V and deposition time of 30 s. After 20 min, the difference in a sample signal (Is) and blank signal (Ib) was considered as a net signal (∆I). Calibration graph was recorded by plotting net peak currents vs. the analyte concentrations in the solutions.

  Real samples preparation

  To prepare rice sample solution, 0.500 g of the dried rice grain sample was placed into 1.0 mL of nitric acid at 5.0 mL glass vial for 24 h at 80 ºC.48 The pH of the result solution was adjusted to 7 by addition of 2 mol L–1 NaOH solution, and was transferred into a 10-mL volumetric flask and diluted to volume with water. 5.0 mL of the sample solution was used for the extraction step.

  0.600 g fresh fish meat was added into 1.0 mL of concentrated nitric acid in a 5.0 mL glass vial. It was held for 3 h before heating and then it was slowly heated to 90 ºC for 3 h. Then, the sample was allowed to cool and 0.5 mL 30% hydrogen peroxide was added drop wise to the mixture. To destroy the excess of hydrogen peroxide, the sample was heated to 90 ºC for 1 h. After complete digestion, the pH of the result solution was adjusted to 7 by addition of 2 mol L–1 NaOH solution, and was transferred into a 10 mL volumetric flask and diluted to volume with water. Water samples were collected by a routine technique. After the sample was acidified by adding 1 mL of concentrated nitric acid to 1 L of water, it was stored in polyethylene bottles. Each sample was analyzed in triplicate by standard addition method.

  Calculations

  The enrichment factor (EF) and recovery (R) of the cadmium content were calculated using the following equations:

  
    [image: Equation 1]
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  where CAP,final and CDP,initial are the final and initial concentrations of cadmium(II) in the acceptor and donor phases, respectively. CAP,final was obtained from the calibration curve. CDP detection and CDP initial were the measured and initial concentrations of the analyte in the donor phase, respectively.

   

  Results and Discussion

  Method development

  PTFE membrane was applied for the pre-concentration and extraction of cadmium ions from aqueous samples. Cadmium ion was extracted from the donor phase into an organic solvent and finally, it was back extracted into a smaller volume of an aqueous receiving phase. To achieve maximum sensitivity, all parameters affecting the extraction efficiency were optimized using sequential single factor analysis approach and each experiment was repeated at least three times. The peak current of DPASV was used to evaluate the extraction efficiency under different conditions.

  Selection of proper ligand

  Dithizone and oxine are the two most important extracting agents that are widely used for metal ions complexation. Several heavy metal ions could interact with these reagents. The reaction of PAN with cadmium(II) at selected pH is relatively selective so that many commonly associated ions could not interfere, therefore this complexation reaction could be used to the solvent extraction. Thus, PAN was selected as suitable ligand for this study.

  Selection of organic solvent

  An essential variable for the preconcentration of analyte in PTFE membrane-LPME is the selection of the most suitable organic solvent. The importance of the suitable organic solvent selection lies in easy immobilization in the PTFE pores, nonvolatility of the solvent to prevent solvent loss during the extraction and immiscibility with water in order to serve as a barrier between the donor and the receiving aqueous solution. Six organic solvents including octanol, 2-decane, isoamine benzoate, undecane, propyl benzoate and dibenzyl ether were evaluated for the extraction of cadmium ion from a 5.0 mL of an aqueous solution containing 8.0 nmol L–1 cadmium (in phosphate buffer pH 8.0, 0.1 mol L–1). The PTFE membrane (that was impregnated with the organic solvent and PAN solution, 0.1%) was filled with the acceptor phase (0.2 mol L–1 HNO3, 0.01 mol L–1 NaCl). To complete the extraction, the donor phase was stirred for 20 min. The results are shown in Figure 2. As can be seen, propyl benzoate was the most suitable one for the subsequent experiments.

  
    

    [image: Figure 2. Influence of organic solvent as a liquid membrane]

  

  Basicity and acidity of the donor and acceptor phases

  One of the most important factors effect on the extraction efficiency in LPME is the pH level of both phases. In this method, the analyte from the donor phase must be transferred into an organic phase. The pH of the donor solution and the influence of HNO3 concentration on the acceptor phase were investigated (Figure 3). HNO3 concentration WA varied between 5.0, 10.0, 20.0, 50.0, 100.0, 200.0 and 300 mmol L–1 in the acceptor phase. Based on the results, by increasing the HNO3 concentration in the acceptor phase up to 200 mmol L–1, the efficiency of the extraction was increased. So, 200 mmol L–1 HNO3 was selected as an optimum HNO3 concentration in the acceptor phase solution.

  
    

    [image: Figure 3. Influence of nitric acid concentration of the acceptor phase]

  

  The donor phase pH was varied between 4.0 and 9.0 (Figure 4). According to the obtained results, the best extraction efficiency appeared at pH 8.0. Decreasing on the peak current at higher pH is due to the precipitation of the cadmium ions in more basic solutions. Thus, in the next study, the pH of the sample solution was adjusted at 8.0.

  
    

    [image: Figure 4. Influence of donor pH value on the extraction efficiency]

  

  Effect of contact area and stirring rate

  By increasing the contact area, the extraction speed is increased. However, a fixed small area was used in this work. More stirring increases the mass transport of CdII from the donor to the membrane interface by convection. However, the transport of the neutral [Cd(PAN)2] complex through the organic phase supported by the membrane is anyway controlled by diffusion, since the external stirring does not reach inside the membrane (the lack of signal during the first minutes of Figure 5 serves as evidence and a thinner larger membrane would speed up the process). Some convection of the acceptor phase would be beneficial to speed-up the transport of re-extracted CdII from the membrane/acceptor interface into the solution, otherwise also controlled by diffusion (some convection caused is applied only during the 30 s accumulation step on the working electrode, due to H2 bubbles formation). So, the highest speed of stirring might be the best one; nevertheless, at high speeds, due to the formation of air bubbles on the surface of the PTFE membrane the mass transfer and also extraction were frustrated. To avoid the bubbling and production of vortex flow, a 700 rpm stirring rate was selected as an optimum rate and used for the rest of the experiments.

  
    

    [image: Figure 5. Effect of extraction time on the extraction efficiency. Conditions]

  

  Effect of the ligand concentration

  To evaluate the influence of the ligand concentration on the extraction efficiency, different concentrations of PAN at 0.05, 0.1, 0.2 and 1.0% were examined. The obtained results showed that different concentration of PAN has not significant affected the extraction efficiency.

  Effect of the extraction time

  An extraction is an equilibrium that needs enough time in order to allow partitioning of the analyte between the donor and the receiving phases. Mainly, to discover the effect of extraction time, some experiments under the same conditions but different relaxation times for the extraction were conducted. Anyway, in this work, based on the nature of in situ analysis, the signal (peak current) was obtained every 30 s during a run. Thus, the effect of the extraction time on the performance of the method was considered in a single run (Figure 5). The results showed that the equilibrium between both phases was reached after 1200 s. So, this time was selected for the subsequent experiments. However, for routine work, various extractions may be processed in parallel, e.g., with 4 (inexpensive) extraction cells, an extraction would be started every 5 min while the cap with the three electrodes for ASV is immersed in the one that just fulfilled 20 min of extraction.

  AFM images and voltammograms of the working electrode

  The AFM images of the working electrode surface morphology, such as thickness and roughness, are shown in Figure 6. These images demonstrated an AFM topology of the surface of the modified electrode (Figures 6a2 and 6b2), and Pt-electrode (Figures 6a1 and 6b1), which corresponded to 2D and 3D images recorded over an area of 10 × 10 µm. It can be seen that a dense layer was obtained and the height average of layer was less than 20 nm. This helped us to have a small size of the electrode with more surface area.

  
    

    [image: Figure 6. AFM pictures of (a1) 2D Pt-wire]

  

  Figure 7 shows the electrochemical response of the Pt electrode modified with gold nanoparticles (Figure 7a) and unmodified Pt electrode (Figure 7b) to 30.0 nmol L–1 CdII at the optimum conditions using DPASV technique. The results showed that the current at the modified electrode is bigger than the response current at the surface of unmodified Pt electrode.

  
    

    [image: Figure 7. Electrochemical response]

  

  FTIR spectra of the working electrode

  The chemical composition of the coatings materials deposited on the Pt substrate was investigated by FTIR spectroscopy. For this purpose, the modification made on a flat Pt foil and the foil was pressed directly on the ATR window. FTIR spectra of the coating on the Pt substrate are shown in Figure 8. The FTIR spectrum presented various characteristic bands around 2931 cm–1 and 1458 (CH3 stretching), 2854 cm–1 (CH2 stretching), 1062 (Si–O–C bond) and 800 cm–1 (Si–C bond). The peak at 1085 cm–1 corresponded to the Si–O–Si asymmetric stretching vibration. The presence of this peak confirms the formation of a network structure inside the coating. The broad absorption band around 3340 and 3748 cm–1 are due to presence of –OH groups. In addition, a peak at 2351 cm–1 was observed assigned to a certain thiol group in ATR-FTIR spectrum.49

  
    

    [image: Figure 8. FTIR spectra of the gold-modified Pt electrode]

  

  Analytical performance

  The figures of merit in the proposed methods, such as enrichment factor, linear dynamic range and limit of detection (LOD) were investigated in the extraction of the CdII from aqueous solutions and optimum conditions. The results are summarized in Table 1. The calibration curves were obtained by plotting the peaks current height vs. the concentrations of cadmium in the aqueous sample (Figure 9). The maximum enrichment factor (100% CdII transfer from donor to acceptor) would be 25, while a reasonable factor of 15 was obtained in practice.
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    [image: Figure 9. Calibration curve for CdII. Inset: differential pulse anodic]

  

  The reproducibility of the proposed method was evaluated using three separate modified electrodes, expressed as relative standard deviation (RSD), was evaluated by extracting the analyte from 5 aliquots of the same vial of water samples (spiked at 8.0 nmol L–1 CdII) and the RSD value was found to be 7.0%. Also, the LOD, which was 0.1 nmol L–1, was estimated based on a three signal-to-noise ratio criterion. Finally, a high enrichment factor of 15.0 was obtained for the analyte. All experiments were carried out at the room temperature.

  Table 2 shows a comparison of the figures of merit of the investigated method with those reported in other publications based on stripping voltammetry.
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  Interference study

  To evaluate the overall selectivity of the method under optimum conditions, the effects of different specimens were studied. To address the effects of interferences on the determination of CdII, standard solutions of analyte (8.0 nmol L–1) in the presence of different components, which might be present in real samples with different concentrations, were tested. Tolerance limit was defined as the maximum concentration of the substance that caused an error of less than 5% in the cadmium determination.40 The results are given in Table 3. The results indicated that the compounds studied had no effects on the analysis when concentrations were up to 1000 times higher than cadmium. PAN is not highly selective for CdII. The selectivity is provided by the electrochemical measurement in which reoxidation of Cd occurs at a potential range at which no other species suffer redox reactions.
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  Real sample analysis

  Due to the importance of the analysis of cadmium in complex matrices real samples, the proposed method was applied in order to determine the concentration of fish and rice samples. 10.0 ± 1.0 nmol kg–1 (0.001 ± 0.0002 mg kg–1) of cadmium in fish sample was found and there was no detection in the rice sample. Fish and rice samples were spiked with CdII at 1.0 nmol L–1. As can be seen from Table 1, the recoveries were 90 and 91 for fish meat and rice samples, respectively. To further demonstrate the practicality of the present electrode, it was evaluated by measuring CdII ions in tap water, wastewater and river water samples. A river water sample was collected from Zayandehrood River (Isfahan, Iran) and treated through a standard 0.45 µm filter. All water samples were spiked with CdII at different concentration levels and then analyzed with the proposed method (as summarized in Table 4). The accuracy of the method was also assessed by comparing the electrochemical results with those obtained using standard inductively coupled plasma optical emission spectroscopy (ICP) and conventional stripping anodic voltmmetry, using hanging mercury drop electrode. The obtained results with conventional stripping voltammetry do not agree with the ICP and the proposed method. This due to the interfering effect of some organic compounds presence in the real samples. The results are given in Table 4. It was found that the matrices of the real samples did not have any significant effect on the proposed (PTFE membrane-LPME)-DPASV method for the determination of CdII in water, fish, and rice samples.
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  Conclusion

  In the present study, the combination of PTFE membrane-LPME with in situ DPASV was successfully applied to the analysis of ultra-trace amounts of CdII in the real samples. Cadmium was extracted from real samples into the acceptor phase inside the PTFE membrane and analyzed in situ using DPASV. The results revealed that PTFE membrane-LPME could be used as an in situ pretreatment procedure before electroanalytical analysis. It was found that the combination of PTFE membrane-LPME and electrochemical techniques enhanced both selectivity and sensitivity for quantitative analysis. Due to the high total effective area of the gold nanoparticles, the anodic stripping voltammetric method relies exclusively on the underpotential deposition and stripping process of CdII on gold, with little hydrogen evolution during deposition at -0.40 V and no gassing at the stripping peak near 0.0 V vs. Ag/AgCl. The good selectivity for the underpotential deposition/stripping method is one of advantages of the proposed method. Complex matrices such as wastewater, fish, and rice were successfully analyzed using the proposed method.
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    Crystallinity is an important property of lignocellulosic biomass due to its significant effect on acid/enzymatic hydrolysis. Normally, physicochemical analysis, such as powder X-ray diffraction and nuclear magnetic resonance, is used to reveal the crystallinity content. However, these analytical methods are expensive and laborious. In this context, methods that rapidly predict the crystallinity are important, even if used only for screening calibration. Thus, we intend to show the potential of near-infrared spectroscopy (NIRS) and chemometrics to replace reference methods in crystallinity determination. The results show that NIRS can be used to determine crystallinity in banana residues by the use of partial least squares regression, providing good coefficients of determination (R2cal,pred > 0.82), low relative errors (< 14%) and good range error ratio (> 7.7). The interpretation of the regression coefficients, multivariate figures of merit and external validation results indicate a strong relationship between the NIR spectrum and crystallinity in banana samples.

    Keywords: lignocellulosic biomass, crystallinity, X-ray diffraction, near infrared spectroscopy, chemometrics

  

   

   

  Introduction

  Cellulose is a natural polymer consisting of a linear chain of β (1→4) linked glucose molecules. Each repeating unit contains hydroxyl groups able to form hydrogen bonds between cellulose chains governing the physical properties of cellulose.1,2 The intrachain hydrogen bonding between hydroxyl groups and oxygens stabilizes the linkage and results in the linear configuration of the cellulose chain.2 During cellulose formation, van der Waals and intermolecular hydrogen bonds between hydroxyl groups and oxygens of adjacent molecules promote the aggregation of cellulose chains to form microfibrils. These microfibrils contain two different regions. The crystalline region consists of highly ordered cellulose molecules, while the molecules in the amorphous region are less highly ordered.2,3 The major part of cellulose (approximately 2/3 of the total cellulose) is in the crystalline form.4 Seven different crystalline forms of cellulose have been identified by X-ray diffraction (XRD), with distinct physical and chemical characteristics.5

  The extensive hydrogen bonding and compact structure of crystalline cellulose hinder the hydrolysis process, while the amorphous region tends to be easily hydrolyzable by acids/enzymes.6 Normally, one partial hydrolysis occurs, which removes the amorphous regions from cellulose, increasing the proportion of the crystalline region that is resistant to further hydrolysis.7 Therefore, concentrated acids and/or a high amount of enzymes are used in acid and enzymatic hydrolysis, respectively, to reduce the crystallinity of cellulose as much as possible and fully convert it to the amorphous state.8 Because the crystallinity of a lignocellulosic material is considered one of the main factors influencing the effectiveness of acid/enzymatic hydrolysis,9-11 it is important to know the level of crystallinity before initiating subsequent steps to optimize the quantities of reagents required, reducing the costs and time of analysis.

  XRD and solid-state 13C nuclear magnetic resonance (NMR) are currently used to determine the crystallinity of a lignocellulosic biomass.12,13 However, it is not always suitable for crystallinity estimation, especially for screening purposes. Moreover, the disadvantages related to XRD and NMR techniques, such as being complex, time consuming and expensive, limit their use. In this context, near-infrared spectroscopy (NIR) is a fast technique, non-destructive and of simple application, suitable to replace the traditional methods.14 This technique based on vibration spectroscopy makes it possible to reveal physical properties, such as the crystallinity content,15-18 which is possible due to the fact that the cellulose crystallinity, which involves intermolecular hydrogen bond and crystalline networks, is clearly evident in the infrared spectra. As the C-O and O-H stretching and C-H deformation are vibrational modes predominating in the NIR region, it is expected that this region will be influenced by the crystallinity.15

  To evaluate a physical property using NIR spectra, multivariate methods such as partial least squares (PLS) can be used to build a regression model that makes the quantification possible. The process requires a calibration data set, for which the reference values for the property of interest and the measured NIR spectra are known for all samples. After the multivariate calibration model is constructed and validated, it can be directly applied to the NIR spectra to predict the property of interest of new samples.15-18

  Kelley et al.19 used NIR and PLS regression models for the determination of crystallinity content in loblolly pine wood and the results obtained were of poor quality, with R2cal and R2pred of 0.52 and 0.15, respectively for a model with 2 latent variables (LV). Qu et al.17 investigated the ability of NIR to predict the crystallinity of wood. For a PLS model with 8 LV, it was possible to achieve R2cal and R2pred of 0.93 and 0.72, respectively. Jiang et al.16 also evaluated the wood crystallinity. These authors obtained excellent results (R2cal and R2pred values of 0.95 and 0.86, respectively) showing that the NIR data was well correlated with crystallinity determined by the X-ray diffraction. They obtained satisfactory results for the range error ratio (RER), relative standard deviation (RSD). However, the quality of the models from the works mentioned above were not assured by statistical parameters such as the figures of merit.

  In this work, NIR spectra and multivariate methods have been applied to rapidly determine the crystallinity of cellulose in banana residues with satisfactory results. The quality of the models obtained is ensured by the determination of the figures of merit, RER and RSD values, external validation set, and interpretation of the regression coefficients.

   

  Experimental

  Samples

  Sixty-nine samples of banana were obtained and submitted to the further analysis. They are distributed among stalk, stem, rhizome, rachis and leaves. The identification, fraction, origin, species and year of harvest of these samples are indicated in Table 1.

  
    

    [image: Table 1. Identification of the banana samples]

  

  Approximately 500 g of each biomass was cut into small pieces, mixed, and dried at 105 ºC in an oven until constant weight. The samples were then ground in a Romer micro mill (Romer Labs, São Paulo, Brazil) equipped with a number 10 mesh size and then sieved with a number 40 mesh size.

  After sieving, the samples were submitted to an extraction process (ethanol 95%, 100 ºC, 1500 psi) in a Dionex ASE 200 system (Thermo Fisher Scientific, Waltham, MA, USA) to assess whether the extractives have substantial influence on the cellulose crystallinity.

  XRD analysis

  The reference values of crystallinity were determined by XRD. The diffractograms were recorded using an X-ray diffractometer (XRD 7000 Shimadzu) with Cu Kα radiation, a voltage of 30 kV and a current of 20 mA. The scanning range was from 2θ = 5º to 50º at a scan speed of 0.071º s-1.

  There are several methods in the literature based on using the diffractogram to calculate the crystalline content,20 and two of them were applied in this work. In the first one, which will be designated method A, the crystallinity index (CI) of a given sample was calculated by subtracting the minimum intensity of the peak 101 (amorphous band (Iam)) from the maximum intensity that represents the crystalline portions (Ic) of the peak 002 and then taking the ratio between the difference and the total intensity,12 according to equation 1. Figure 1a shows an example of the crystalline and amorphous peaks used in this equation.

  
    [image: Equation 1]

  

  
    

    [image: Figure 1. Diffractogram of a banana sample]

  

  The second approach, called method B, is a deconvolution method. Individual peaks were fitted by Gaussian functions, as shown in Figure 1b. For this purpose, the peak fitting program (PeakFit; www.systat.com) was used, and interactions continued until the convergence of ‡χ2, which corresponds to an R2 value greater than 0.94 for all deconvolutions. The sum of the area under the crystalline adjusted peaks (Ic), designated as 101, [image: Caracter 1] and 002 in Figure 1b, and of the amorphous broad band (Iam) were used to calculate the CI13,21 according to equation 2.

  
    [image: Equation 2]

  

  NIR analysis

  The NIR diffuse reflectance spectra were acquired using a FOSS XDS spectrometer (FOSS, Hillerød, Denmark) equipped with a Rapid Content Analyzer (RCA) module. Spectra from 1100 to 2500 nm were collected at a grating resolution specified as 0.5 nm. Three spectra were recorded for each sample, and the average spectrum was used for data analysis.

  Data analysis

  Diffractograms were explored by principal component analysis (PCA) on mean-centered raw data to reveal the hidden structure within the XRD data set. In this method, a small set of orthogonal principal components that maximizes the variance in the data set is defined. The dimensionality of the data set is reduced, providing a visual representation of the relationships between banana samples and variables.22

  The collected NIR spectra of the banana fractions were used to construct a regression model that relates the matrix (X) containing spectral data and the vector (y) representing the crystallinity content. PLS was used to obtain the calibration models. In this method,22 factors (latent variables) that relate X and y are obtained by maximizing the covariance between the X scores (t) and y, such that Xw = t and w = [image: Caracter 2]

  For quantification, the NIR spectra were pretreated by a Savitzky-Golay second derivative23 computed using a window of 31 points and a second order polynomial.

  The original data set was randomly split into a calibration set (75% of the samples) and a prediction set (25% of samples). The number of LV in the calibration model was determined based on the occurrence of the minimal residual variance,24 or visually when the minimum did not exist, to avoid overfitting by cross validation.25 An automatic uncertainty test (the Martens' uncertainty test) was applied to select the significant variables in the multi-component model.26

  Prediction evaluations were carried out employing certain parameters, such as the coefficient of determination in calibration (R2cal), in cross validation (R2cv) and external validation (R2pred); root mean square error of calibration (RMSEC); root mean square error of cross validation (RMSECV); root mean square error of prediction (RMSEP), range error ratio (RER),27 RSD,14 number of LV and of outliers excluded.

  The modeling is incomplete without interpretation of the regression coefficients. From the chemical point of view, a suitable interpretation of the regression coefficients in terms of a cause-effect relationship is highly desirable.28 Additionally, to ensure the performance of the models, figures of merit were evaluated.14

  Multivariate data analyses (PCA and PLS) were performed using the Unscrambler 10.2 (Camo Software, Oslo, Norway), and the calculation of the figures of merit was conducted using the PLS-toolbox 6.7 (Eigenvector Research, Wenatchee, WA, USA) for Matlab 7.2 software (Math Works, South Natick, MA, USA).

   

  Results and Discussion

  NIR spectra from the banana residues are shown in Figure 2a, with the greatest variation occurring in the regions of 1400-1600 and 1900-2400 nm. The main bands are located at 1428-1430, 1920, 2100, 2270 and 2329 nm. The band at 1428-1430 nm is assigned to amorphous regions in cellulose (first overtone of O-H stretching), while the band at 1920 nm is attributed to the O-H stretch/O-H bend of polysaccharides, which overlaps with the water band.29 The broad band at 2100 nm can be assigned to OH stretching + CH deformation in cellulose. Both bands at 2270 and 2329 nm are from polysaccharides.18,29,30 The first one is related to CH2 stretching + CH2 deformation from crystalline fractions of cellulose, and the second is related to the CH stretching + CH deformation combination from semi/crystalline regions.

  
    

    [image: Figure 2. NIR spectra for all banana samples]

  

  Figure 2b shows the NIR spectra after being pretreated with the second derivative (window size of 31 points and second degree polynomial) to remove the baseline offset and to elucidate the peaks corresponding to the crystalline and amorphous structures.

  The mean and standard deviation plots of the CI obtained by the two methods discussed in the previous section for each fraction in the 69 banana samples are shown in Figure 3.

  
    

    [image: Figure 3. Mean and standard deviation of crystallinity content determined]

  

  The highest ranges in CI were observed for banana stem, calculated by both method A (37.81-56.60) and method B (6.65-23.56), followed by rhizome calculated by method A (27.40-40.99). The lowest ranges were observed for leaves (10.09-12.42) and rhizome, both obtained by method B (6.68-10.10). The stalk ranged from 41.14 to 52.70 and from 7.61 to 14.27 for methods A and B, respectively, while the rachis presented a range of 61.88-66.74 and 22.62-26.79 for methods A and B, respectively. Finally, the CI values for leaves calculated by method A varied from 29.39 to 34.16.

  Crystallinity in banana residues was reported for the first time by Guimarães et al.,31 but only for the pseudostem fraction. The values of CI in this work obtained by method A (intensity of peaks) are higher (ca. 10%) than the values reported.31 This small difference could be due to distinct species, cultivars, soils and years of sampling.

  The values of CI calculated by method A are always higher than the values obtained using method B (Figure 3), most likely due the underestimation of the amorphous peak intensity because the valley is used to estimate the amorphous contribution (see Figure 1a) in the method that uses the intensities.13,32

  Principal component analysis

  The analysis of the PCA scores based on the mean-centered diffractograms (Figure 4a) shows one significant overlap with some tendency towards separation between banana fractions. The 3 rachis samples are clearly separated from the other fractions in PC1.

  
    

    [image: Figure 4. (a) PC1 vs. PC2 scores plot of mean]

  

  The first two PC explained 82% and 6% of the total variance, respectively. Some trend or discrimination could be elucidated between the groups leaves/rhizome from stalk/stem due their similarity in the CI content. Three samples from rachis showed greater dissimilarity, most likely due to the high crystallinity content, providing a different spectral profile. The PC1 and PC2 are characterized, respectively, by positive and negative loadings (Figure 4b) at 22º < 2θ < 23º and 15º < 2θ < 17º, which are typical of crystalline structures.18

  PC1 differentiates the banana fractions (stem and rachis) with positive scores associated with crystalline parts. Based on the PC2 loadings, the negative bands attributed to crystalline parts differentiate the banana fractions (stem, stalk and rachis) with crystalline characteristics from the leaves and rhizome, which have more amorphous characteristics.

  Parameters for model evaluation and validation of PLS models

  PLS regression models were performed on the meancentered NIR spectra after 2D (31 points and 2nd degree polynomial) pretreatment and feature selection using Martens'uncertainty test. Table 2 summarizes the results from the regression models to predict the crystallinity percentage by the two different methods (A and B).

  
    

    [image: Table 2. Parameters and statistics for model validation]

  

  Six LV were employed in both models. This high number of LV could be explained by the fact that different crystalline forms5 absorb in different regions of the spectrum (as seen in the regression coefficients), so that a single factor is not capable of explaining all the variability, which justifies using more factors to model this physical property.

  A linear fit was obtained between the reference and predicted crystallinity with R2cal,val of 0.89 and 0.82, respectively, for method A, and R2cal,val of 0.86 and 0.85 for method B (see Figure 5).

  
    

    [image: Figure 5. (a) Plot of reference vs. predicted values from calibration]

  

  The values of RMSE for calibration, cross-validation and prediction were larger for method A because the crystallinity reference values were much higher for this method, and so the relative error is a better parameter to compare the results from the two methods. The relative errors were significantly different, being 6.5% for method A and twice as high (13.9%) for the crystallinity determined by area (method B). Both RER values were above 4, indicating that, according to the American Association of Cereal Chemists (AACC),33 both models are qualified for screening calibration, and method A is appropriate for quality control, with an RER value equal to 11.

  The results found for method A are in accordance with results from the literature17 for a model with approximately the same number of LV (7) and similar R2cal (0.87) and R2val (0.83). Kelley, Elder, and Groom,19 when evaluating the crystallinity of wood, obtained poor correlation between crystallinity and NIR spectra (R2cal,val < 0.50). Jiang et al.16 also evaluated the crystallinity of wood samples and obtained excellent results using the full spectrum (Vis­NIR) with R2cal,val of 0.95 and 0.86 for a 5 LV model. Their percentage error (6%) was the same reported in Table 2, but better RER values were obtained in this work (11 versus 6). It should be noted that including the visible spectral region did not improve our crystallinity model.

  Regarding method B, the literature also reports satisfactory results. The crystallinity of tacrolimus solid dispersions evaluated by NIR,18 when the area contributions from the crystalline and amorphous phases of the diffractograms were considered, produced good results (R2cal,val of 0.99 and 0.93, respectively).

  The intensity method (method A) gives an empirical measurement that allows rapid comparison of crystallinity samples. This method is useful for comparing the relative differences among samples and should not be used as a method for estimating the real crystallinity. The major problem with this method is that usually the minimum position between the 002 and the 101 peaks (Figure 1a) is not aligned with the maximum of the broad amorphous cellulose band which is likely higher, and so the Iam value for the intensity method could be significantly underestimated, resulting in an overestimation of the CI,13 which justifies the higher crystallinity values calculated by method A when compared to method B.

  Although the intensity method (method A) does not provide the best estimate of cellulose crystallinity, this method presented the best regression model and is also the reference method most commonly used in the literature for crystallinity determination in biomass by NIR spectroscopy.16,34

  The main source of error in method B is most likely the super-estimation of the amorphous contribution given by the broad band in Figure 1b. A quick way to solve the problem would be to subtract the amorphous contribution from the diffractogram using an amorphous pattern.13,18,35 Besides, none of these Gaussian functions could model the scattering pattern perfectly throughout the entire angle range.36 So this method tends to give higher amorphous values and lower CI.

  Xu et al.19 suggested that, when studying crystallinity in biomasses, attention should be paid to cellulose rather than whole biomass, and the Rietveld's method36,37 for CI calculation should be preferred over the intensity methods.

  To complete the modeling, regression coefficients from PLS models on pretreated data for method A (Figure 6a) and method B (Figure 6b) were interpreted together with the derivative spectra (Figure 6c).

  
    

    [image: Figure 6. Regression coefficients from PLS models for the cellulose]

  

  They exhibit typical bands of crystalline cellulose at 1480, 1589, 1830, 1906, 1962 and 2070 nm (all associated with the O-H stretch, 1st overtone). A negative relationship was found in the regions of 1340, 1428/1430, and 1704 and at 2064 nm (O-H combination), with bands typical of amorphous cellulose.18,30,38 Typical polysaccharide bands (1669 and 2270 nm) were also found for the two regression coefficients. For both models, negative coefficients correspond to a direct relationship because these regression coefficients were obtained from the second derivative spectra. The main prominent bands of crystalline cellulose reported in the literature are at 1480, 1589 and 2070 nm.30,38,39 All of them presented higher regression coefficients in the PLS model, which indicates that method A is better able to capture the relevant information for determining the crystallinity than method B. The same is observed for the amorphous bands, with larger regression coefficients for model A than model B (1340, 1428/1430, 1704 and at 2064 nm).

  All the figures of merit for multivariate calibration, such as sensitivity (SEN), analytical sensitivity (γ), selectivity (SEL), signal-to-noise ratio, limit of detection (LOD) and limit of quantification (LOQ) were calculated,14 and the results obtained are acceptable (Table 3).

  
    

    [image: Table 3. Results from ﬁgures of merit for the PLS models]

  

  The RMSEP and RMSEC values were less than 4%, and the deviation values between the reference and predicted values were less than 10%. A low quantity of outliers were removed (< 3%). The SEL of these methods indicates that 4% and 7% of the information modeled in methods A and B, respectively, is due to the analyte.

  The SEN values are directly affected by the pretreatment used. The derivative spectrum has small intensities requiring large regression coefficients for the conversion to analyte concentration, leading to small sensitivity values.40 Therefore, the low sensitivity values (10–5 and 10–4) obtained in this work are not surprising, due to the derivative pretreatment.

  The γ or the inverse of the analytical sensitivity (γ-1) expresses the minimum concentration difference, which is discernible by a method considering the random experimental noise,14 and presented values smaller than 0.0011%.

  The LODs obtained (0.0034 and 0.0012% of crystallinity) are very low compared to the minimum experimental value (20%). The LOQs of 0.0113 and 0.0039% were also lower than the minimum value observed (20%), thus confirming the applicability of both models.

  The linearity can be confirmed by the plots in Figure 5, which show that the points are reasonably well distributed around the diagonal line, ensuring that both methods A and B follow linear trends.

   

  Conclusions

  The results demonstrated that NIR spectra together with multivariate analysis can be used to determine the crystallinity content in banana residues, independent of the method used to measure the crystallinity. For both models, satisfactory results were obtained, providing R2cal,pred > 0.82 and reasonable results for RMSEC, RMSEP, RER, RSD and multivariate figures of merit. Additionally, the regression coefficients were interpretable from the chemical perspective.

  Method B, as presented here, could provide a more accurate measure of the crystallinity of lignocellulosic biomass and thus better predictions if the contributions from the amorphous pattern are considered. The most popular method for estimating CI, method A, produces significantly higher values than the other method. However, it is simple to use and is thus recommended as a time-saving empirical measure of relative crystallinity.12

  It was proved that NIR associated to multivariate analysis can be used for screening calibration and quality control to estimate crystallinity content in biomass. Thus, the key conclusion of this study is that NIR is an nondestructive, rapidly and very important method to reduce time and costs of crystallinity content prediction.
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  Introduction

  Dithiocarbamates are the analogue of carbamates in which both oxygen atoms are replaced by sulfur atoms. The dithiocarbamate group is a valuable pharmacophore that induces various biological activity when incorporated into a particular structure.1-4Their biological potencies such as anti-histaminic, anti-bacterial, and anti-cancer are noteworthy.5-7They constitute a large family of herbicides, fungicides and pesticides in agriculture and several compounds of this category such as zineb, maneb, nabam, ziram and ferbam have been commercialized. Also, their applications as sulfur vulcanization agents in rubber manufacturing,8and radical chain transfer agents in the reversible addition-fragmentation chain-transfer (RAFT) polymerizations are extensively investigated.9Furthermore, they have been used as versatile synthons for the preparation of diversities of organic materials such as thioureas,10 isothiocyanates,11 2-imino-1,3-dithiolanes,12 cyanamides,13 heterocyclic rings,14 the protection of aldehydes,15 amide bond formation,16 and protection of the amino groups in peptide synthesis.17Also, dithiocarbamates are important ligands in metal complexes.18

  The classical synthesis of dithiocarbamates involves the use of thiophosgene, a chlorothioformate and an isothiocyanate which suffer from many drawbacks such as long reaction time, harsh reaction conditions and use of an expensive and toxic reagent, base and solvent. Due to the wide applications of dithiocarbamates, several useful procedures for the synthesis of these compounds have been developed by our group and others, via the one-pot condensation of amines, carbon disulfide and electrophiles such as alkyl halides, epoxides, carbonyl compounds and α,β-unsaturated compounds.19-23 Very recently, a deep eutectic solvent (DES) was used by Azizi and Gholibeglo24 for synthesis of dithiocarbamates in high yields via a one-pot, three-component Michael addition of an amine and carbon disulfide to an activated olefin. Due to the aforementioned applications of dithiocarbamates, synthesis of these compounds with different substitution patterns by a convenient and safe method has become a field of increasing interest in recent years.

  Solvents play a critical role in organic reactions for mixing the ingredients to allow molecular interactions. Performing organic reactions without using harmful organic solvents is now of great interest in green organic synthesis. For this purpose, attempts have been made toward the use of green mediums such as water, supercritical fluids, ionic liquids and fluorous based systems. Polyethylene glycol (PEG) has recently been considered as a novel, recyclable and eco-friendly solvent in synthetic chemistry for various organic transformations25-29 with odd properties such as commercial availability, thermal stability, low volatility, and biodegradability and immiscibility with a number of organic solvents. Generally, PEG is an inexpensive, non-toxic, bio-compatible and completely non-halogenated solvent. The fast growth of published works about PEGs in medicinal areas reflects the importance of PEG polymers mainly related to their low toxicity.30,31This inspired us to concentrate on synthesis of the biologically active dithiocarbamates under catalyst-free conditions using PEG as green medium.

   

  Results and Discussion

  Previous reports by our group revealed that although high to excellent yields were obtained in the reaction of dithiocarbamates with alkyl vinyl ethers 1 in water,22 for N-vinylpyrrolidine 2, the reaction gave excellent yields under solvent-free conditions and no valuable yields were obtained in water.23To overcome this drawback, we focused our investigation to find an efficient reaction medium to be suitable for both systems. In continuation of our research allocated to the progress of green chemistry32-36 and the chemistry of dithiocarbamates, herein we report a new and efficient protocol for synthesis of dithiocarbamates by Markovnikov addition reaction in PEG as a green and environmentally benign solvent at room temperature without using any catalyst as outlined in Scheme 1.

  
    

    [image: Scheme 1. A one-pot three-component synthesis]

  

  Initially, we examined the one-pot three-component reaction of pyrrolidine (5 mmol), CS2 (6 mmol), and ethyl vinyl ether (6 mmol) in liquid polyethylene glycols such as PEG-200 and PEG-400. We found that excellent yield was obtained in PEG-200 (94%) in comparison to PEG-400 (65%). Also, mixing the starting materials at room temperature for 24 h was the best condition observed for this reaction.

  We then evaluated the scope and limitations of the protocol by employing a wide range of amines and electron-rich alkenes. The results are summarized in Tables 1 and 2. Various cyclic and acyclic alkyl vinyl ethers such as ethyl vinyl ether, ethyl propenyl ether and 2,3-dihydropyrane were examined with high to excellent yields (Table 1). N-Vinylpyrrolidone was also used in this transformation to afford excellent yields of products (Table 2). Primary aliphatic amines such as benzyl amine, allyl amine, cyclohexyl amine, furfuryl amine and butyl amine all gave excellent yields (entries 1-4, Table 1; and entries 1-4, Table 2). In addition, secondary amines such as pyrrolidine, piperidine, morpholine, azepane, diethyl amine, and diallyl amine reacted equally well in this protocol (entries 5-12, Table 1; entries 5-9, Table 2). Aromatic amines were not suitable starting materials for this transformation due to their low nucleophilic property toward carbon disulfide. The present method is experimentally simple and generates no byproducts. In addition, the reaction is regiospecific toward Markovnikov adducts. The PEG-200 can be simply recovered and reused in the reactions without a significant yield loss.
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  Having successfully synthesized Markovnikov adducts, we focused our attention on using the product 4 as suitable starting material for amidoalkylation of electron-rich arenes in the presence of AlCl3 in refluxing chloroform (Scheme 2). The results are summarized in Table 3. Electron-rich arenes such as indoles and naphthols were used in this Mannich-type amidoalkylation reaction and moderate to good yields of products were obtained. N,N-Dialkylanilines, dimethoxybenzene, catechol, 2-methoxy naphthalene, pyrrole and thiophene were also examined for this reaction without any result. The Markovnikov products of alkyl vinyl ethers were not suitable starting materials for this transformation.
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  Conclusions

  In summary, the PEG-200 has been employed as a novel, mild and highly efficient solvent for the one-pot three-component synthesis of dithiocarbamates via Markovnikov addition reaction in high to excellent yields. Regiospecificity for the Markovnikov adducts, clean reaction conditions, catalyst-free, and simple experimental procedures are the main advantages of this reaction. Also, the products were applied for the Friedel-Craft (Mannich) type amidoalkylation of electron-rich arenes such as indoles and naphthols.

   

  Experimental

  All reactions were carried out in an atmosphere of air. All chemicals and solvents except water (tap water) were purchased from Merck or Fluka and used as received. All reactions were monitored by thin layer chromatography (TLC) on silica gel 60 F254 (0.25 mm), and visualization was performed with UV. The 1H and 13C nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AMX 300-MHz spectrometer in CDCl3 with tetramethylsilane (TMS) as internal standard. Melting points were determined with a Branstead-Electrothermal 9200 apparatus and are uncorrected. Elemental analyses were conducted with a Perkin-Elmer 2004 (II) CHN analyzer.

  General procedure for the synthesis of Markovnikov adducts 3a-l and 4a-i

  To a mixture of an amine (5 mmol) and CS2 (6 mmol) in PEG (10 mL) was added an electrophile (alkyl vinyl ether or N-vinyl pyrrolidine, 6 mmol). The reaction mixture was stirred vigorously at room temperature for 24 h. After completion of the reaction, H2O (10 mL) was added and the product was extracted with EtOAc (2 × 20 mL) and combined organic layers were washed with H2O and dried over anhydrous Na2SO4. The solvent was evaporated under reduced pressure to give the corresponding product with high purity without the need of column chromatography for purification. The PEG-200 can be recovered from the aqueous phase by passing the aqueous solution through activated charcoal and evaporation of water. All compounds were characterized on the basis of their spectroscopic data (1H and 13C NMR, CHN analysis) and by comparison with those reported in the literature.22,23

  1-Ethoxyethyl azepane-1-carbodithioate (3i)

  Viscous oil; 1H NMR (300 MHz, CDCl3) δ 1.03 (t, 3H, J 7.0 Hz, CH3), 1.42 (brs, 4H, 2CH2), 1.54 (d, 3H, J 6.3 Hz, CH3), 1.69 (brs, 4H, 2CH2), 3.45 (m, 1H, CH2O), 3.59 (m, 1H, CH2O), 3.75 (t, 2H, J 6.0 Hz, CH2N), 4.01 (m, 2H, CH2N), 5.77 (q, 1H, J 6.2 Hz, CH); 13C NMR (75 MHz, CDCl3) δ 14.5, 22.9, 25.4, 25.9, 26.0, 27.2, 52.4, 54.4, 63.9, 90.1, 194.7; anal. calcd. for C11H21NOS2: C, 53.40; H, 8.55; N, 5.66; found: C, 53.75; H, 8.71; N, 5.52.

  1-Ethoxypropyl pyrrolidine-1-carbodithioate (3l)

  Viscous oil; 1H NMR (300 MHz, CDCl3) δ 0.89 (t, 3H, J 7.3 Hz, CH3), 1.03 (t, 3H, J 7.0 Hz, CH3), 1.79-1.94 (m, 6H, 3CH2), 3.45-3.59 (m, 4H, CH2N and CH2O), 3.74 (t, 2H, J 6.9 Hz, CH2N), 5.70 (t, 1H, J 6.1 Hz, CH); 13C NMR (75 MHz, CDCl3) δ 9.7, 14.4, 23.7, 26.1, 29.8, 50.2, 54.0, 64.0, 94.4, 191.6; anal. calcd. for C10H19NOS2: C, 51.46; H, 8.21; N, 6.00; found: C, 51.23; H, 8.07; N, 6.12.

  General procedure for amidoalkylation of electron-rich arenes 5a-c and 6a-d

  In a 25 mL round bottom flask equipped with magnetic stirrer bar, an electron-rich arene (1 mmol), a dithiocarbamate 4 (1 mmol), chloroform (5 mL) and 10 mol% of AlCl3 were added and the mixture was refluxed for 5-8 h. Progress of the reaction was monitored by TLC. After reaction completion, H2O (10 mL) and CHCl3 (10 mL) were added and the mixture was filtered to remove any undissolved materials. The filtrate was transferred to a decanter and the organic phase was separated. After treatment with Na2SO4, the solvent was evaporated to give the crude products. Purification was performed by recrystallization from ethyl acetate/petroleum.

  1-(1-(2-Hydroxynaphthalen-1-yl)ethyl)pyrrolidin-2-one (5a)

  Pale yellow solid; m.p. 198-200 ºC; 1H NMR (300 MHz, DMSO -d6) δ 1.67 (d, 3H, J 7.2 Hz, CH3), 2.13-2.23 (m, 4H, 2CH2), 3.13 (m, 1H, CH2N), 3.56 (m, 1H, CH2N), 5.94 (q, 1H, J 7.2 Hz, CH), 7.14 (d, 1H, J 8.8 Hz, Ar–H), 7.25 (m, 1H, Ar–H), 7.40 (m, 1H, Ar–H), 7.68-7.76 (m, 2H, 2Ar–H), 8.10 (d, 1H, J 8.8 Hz, Ar–H), 9.8 (brs, 1H, OH); 13C NMR (75 MHz, DMSO -d6) δ 17.3, 17.5, 30.6, 43.5, 44.4, 116.5, 119.1, 122.4, 126.5, 127.5, 128.3, 128.4, 129.2, 133.3, 154.5, 172.9; anal. calcd. for C16H17NO2: C, 75.27; H, 6.71; N, 5.49; found: C, 74.96; H, 6.71; N, 5.66.

  1-(1-(1-Hydroxynaphthalen-2-yl)ethyl)pyrrolidin-2-one (5b)

  Cream solid; m.p. 190-192 ºC; 1H NMR (300 MHz, DMSO -d6) δ 1.53 (d, 3H, J 6.8 Hz, CH3), 1.58 (m, 1H, CH2), 1.60 (m, 1H, CH2), 2.16-2.39 (m, 2H, CH2), 2.44 (m, 1H, CH2N), 3.20 (m, 1H, CH2N), 5.79 (q, 1H, J 6.8 Hz, CH), 6.85 (d, 1H, J 8.1 Hz, Ar–H), 7.37-7.50 (m, 3H, 3Ar–H), 7.89 (d, 1H, J 8.1 Hz, Ar–H), 8.15 (m, 1H, Ar–H), 10.18 (brs, 1H, OH); 13C NMR (75 MHz, DMSO -d6) δ 16.3, 17.2, 30.8, 41.6, 44.5, 106.9, 122.6, 122.8, 124.4, 124.8 (2C), 125.5, 126.6, 132.3, 153.0, 172.6; anal. calcd. for C16H17NO2: C, 75.27; H, 6.71; N, 5.49; found: C, 75.66; H, 6.76; N, 5.47.

  1-(1-(2,7-Dihydroxynaphthalen-8-yl)ethyl)pyrrolidin-2-one (5c)

  Cream solid; m.p. 206-208 ºC; 1H NMR (300 MHz, DMSO -d6) δ 1.53 (d, 3H, J 7.1 Hz, CH3), 1.63-2.23 (m, 4H, 2CH2), 3.15 (m, 1H, CH2N), 3.55 (m, 1H, CH2N), 5.73 (q, 1H, J 7.1 Hz, CH), 6.82 (dd, 1H, J 8.8, 1.8 Hz, Ar–H), 6.89 (d, 1H, J 8.8 Hz, Ar–H), 7.28 (s, 1H, Ar–H), 7.51 (d, 1H, J 8.9 Hz, Ar–H), 7.55 (d, 1H, J 8.7 Hz, Ar–H), 9.58 (s, 1H, OH), 9.70 (s, 1H, OH); 13C NMR (75 MHz, DMSO -d6) δ 17.4, 21.6, 30.7, 39.5, 44.6, 104.7, 114.7, 114.9, 115.6, 122.9, 128.9, 129.9, 135.1, 154.9, 156.0, 173.0; anal. calcd. for C16H17NO3: C, 70.83; H, 6.32; N, 5.16; found: C, 70.76; H, 6.25; N, 5.13.

  1-(1-(1H-Indol-3-yl)ethyl)pyrrolidin-2-one (6a)

  White solid; m.p. 164-167 ºC; 1H NMR (300 MHz, CDCl3) δ 1.60 (d, 3H, J 7.0 Hz, CH3), 1.73-1.83 (m, 2H, CH2), 2.41-2.88 (m, 2H, CH2), 2.86 (m, 1H, CH2N), 3.26 (m, 1H, CH2N), 5.77 (q, 1H, J 7.0 Hz, CH), 7.08-7.22 (m, 3H, 2Ar–H and 1H, pyrrole), 7.36 (d, 1H, J 8.0 Hz, Ar–H), 7.62 (d, 1H, J 8.0 Hz, Ar–H), 8.31 (brs, 1H, NH); 13C NMR (75 MHz, CDCl3) δ 16.6, 17.7, 31.3, 42.2, 42.5, 111.0, 116.2, 119.5, 119.6, 121.1, 122.0, 126.4, 136.4, 174.2; anal. calcd. for C14H16N2O: C, 73.66; H, 7.06; N, 12.27; found: C, 74.01; H, 7.21; N, 12.61.

  1-(1-(2-Methyl-1H-indol-3-yl)ethyl)pyrrolidin-2-one (6b)

  White solid; m.p. 176-179 ºC; 1H NMR (300 MHz, CDCl3): d 1.74 (d, 3H, J 7.3 Hz, CH3), 1.75-1.96 (m, 2H, CH2), 2.34-2.43 (m, 2H, CH2), 2.51 (s, 3H, CH3), 3.17 (m, 1H, CH2N), 3.57 (m, 1H, CH2N), 5.76 (q, 1H, J 7.3 Hz, CH), 7.07-7.16 (m, 2H, 2Ar–H), 7.29 (dd, 1H, J 7.8, 2.0 Hz, Ar–H), 7.72 (d, 1H, J 7.8 Hz, Ar–H), 8.06 (brs, 1H, NH); 13C NMR (75 MHz, CDCl3) δ 12.6, 17.5, 17.7, 31.4, 43.4 (2C), 110.4, 110.6, 119.3, 119.5, 121.1, 127.9, 133.2, 135.0, 173.7; anal. calcd. for C15H18N2O: C, 74.35; H, 7.49; N, 11.56; found: C, 73.93; H, 7.65; N, 11.26.

  1-(1-(5-Bromo-1H-indol-3-yl)ethyl)pyrrolidin-2-one (6c)

  White solid; m.p. 155-157 ºC; 1H NMR (300 MHz, CDCl3) δ 1.58 (d, 3H, J 7.0 Hz, CH3), 1.83-1.94 (m, 2H, CH2), 2.44-2.49 (m, 2H, CH2), 2.86 (m, 1H, CH2N), 3.27 (m, 1H, CH2N), 5.70 (q, 1H, J 7.0 Hz, CH), 7.15 (s, 1H, pyrrole ring), 7.24-7.31 (m, 2H, 2Ar–H), 7.74 (s, 1H, Ar­H), 8.70 (brs, 1H, NH); 13C NMR (75 MHz, CDCl3) δ 16.6, 17.7, 31.6, 42.2, 42.4, 112.7, 113.1, 115.7, 121.8, 123.3, 125.3, 128.0, 135.1, 174.3; anal. calcd. for C14H15BrN2O: C, 54.74; H, 4.92; N, 9.12; found: C, 54.53; H, 4.83; N, 9.43.

  1-(1-(1-Methyl-1H-indol-3-yl)ethyl)pyrrolidin-2-one (6d)

  Yellow oil; 1H NMR (300 MHz, CDCl3) δ 1.60 (d, 3H, J 7.0 Hz, CH3), 1.80-1.93 (m, 2H, CH2), 2.42-2.48 (m, 2H, CH2), 2.92 (m, 1H, CH2N), 3.30 (m, 1H, CH2N), 3.79 (s, 3H, CH3N), 5.78 (q, 1H, J 7.0 Hz, CH), 6.99 (s, 1H, pyrrole), 7.12 (m, 1H, Ar–H), 7.23-7.33 (m, 2H, 2Ar–H), 7.62 (dd, 1H, J 8.0, 0.7 Hz, Ar–H); 13C NMR (75 MHz, CDCl3) δ 16.7, 17.7, 31.6, 32.7, 42.1, 42.4, 109.0, 114.6, 119.4, 119.7, 121.9, 126.6, 126.9, 137.1, 174.0; anal. calcd. for C15H18N2O: C, 74.35; H, 7.49; N, 11.56; found: C, 74.47; H, 7.65; N, 11.25.

   

  Supplementary Information

  Supplementary data (copies of 1H and 13C NMR spectra for unknown compounds) are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    This work describes the treatment of dairy industry effluent using catalytic ozonation with Fe2+ as its catalyst in a semi-batch process with recycle. A fractional factorial design 24–1 was used with a reduction percentage of total organic carbon (TOCred) as response. Optimal conditions were obtained by the reaction time of 30 min, ozonator power of 35 W, O2 flow rate of 0.125 L min-1, Fe2+ concentration of 1.0 g L-1 and pH 4.0 for a 2 L raw effluent. TOCred of 64.03% represents a decrease in concentration from 473.0 to 170.1 mg L-1, with an estimate cost of US$ 0.03 L-1 effluent. The treatment performed was not sufficient to discharge it directly on surface water; however, significant reduction of TOCred, among physical and chemical characteristics makes a better product to be proceeded into a biological treatment.

    Keywords: dairy industry, catalytic ozonation, advanced oxidation processes

  

   

   

  Introduction

  Due to high consumption of water and large volume of effluent produced, dairy industry is considered the most pollutant in comparison to other food industries.1 Treatment is, therefore, required since it is composed of high molecular weight and aromatic compounds that are not easily degraded, considered as pollutants.

  Dairy effluents are composed of milk and processed products derived from milk as well as disinfectants, detergents, spices and essences (butter and cheese production) that are diluted in the washing process of equipment, pipes, floor and other facilities of such industry.2

  Industries have currently used treatment alternatives based on physical and biological processes that although show restricted efficiency, have several limitations. These limitations generally include primary treatment for the removal of suspended solids and fat material, and a secondary biological treatment. Problems related to the secondary biological treatment are related to high foam production, low biodegradability of sludge, low resistance to load shock, difficulties in removing nutrients (nitrogen and phosphorus) and problems in the degradation of fat and other specific types of pollutants as dyes, apart from unpleasant odor.3,4

  Thus, efficient and economically viable technologies are required to treat these types of effluents.5 In this sense, advanced oxidation processes (AOPs) are technologies extremely efficient based on the oxidizing power of several radicals formed that are used in the destruction of organic compounds of difficult degradation (partial or total).6,7

  Catalytic ozonation may be considered as a homogeneous process based on ozone activation by metal ions present in aqueous solution. These reactions are characterized by single-phase development or as a heterogeneous process in the presence of metal oxides.8 Also, the transition metals form low solubility products under certain pH conditions.

  As pH is related to concentration of hydroxyl ions (OH–), it directly influences the decomposition of molecular ozone. In situations where a small concentration of hydroxyl ion is present (pH < 4), the reaction takes place predominantly by electrophilic addition of molecular ozone (direct reaction).9 In an alkaline medium, hydroxyl ions in high concentration may start the decomposition of molecular ozone leading to the formation of hydroxyl radical (indirect reaction).10

  The reaction system becomes heterogeneous in an alkaline medium with Fe2+ ions in the catalytic ozonation processes producing a resultant precipitation of these ions. However, this precipitation does not prevent to work in this pH.11 The removal rates of the organic load in alkaline medium are not always satisfactory. Due to the complexity of environmental matrix, numerous compounds considered sequestrants of hydroxyl radical, such as HCO3–, CO32–, CH3COO– and humic substances might be present resulting in decrease of the efficiency of the process.9

  The reaction between the hydroxide anion and ozone leads to the formation of superoxide radical anions (O2•–) and hydroperoxide radicals (HO2•), as shown in equation 1.12

  
    [image: Equation 1]

  

  Hydroperoxide radical shows acid-base equilibrium (equation 2).12
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  The radical anion ozonide (O3•–) formed in the reaction between ozone and the superoxide radical anion (O2•–) quickly decomposes to form hydroxyl radicals. This formation of hydroxyl radicals may occur both in acid and alkaline media (equations 3 to 7).13,14
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  Some studies15-17 show that Fe2+ catalyzes decomposition of O3 to generate hydroxyl radicals following a distinct mechanism. In this case, the catalytic system O3/Fe2+ involves direct reaction of Fe2+ with ozone. Equations 8 to 14 illustrate proposed reaction mechanisms of Fe2+ with ozone.18 Béltran et al.19 proposed reaction mechanisms between FeIII and ozone with subsequent formation of hydroxyl radical, as shown in equation 15.
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  As shown in equations 8 to 15, the reaction mechanism is the transfer of electrons from the reduced metal to ozone, forming Fe3+ ion and radical ion O3·- and so the hydroxyl radical. In the presence of excess Fe2+, hydroxyl radical can oxidize a second Fe2+ providing a stoichiometric ratio of 0.5 moles of ozone per mole of ferrous ion.18

  Arslan20 studied coagulation, ozonation and Fe2+ ions catalyzed ozonation (FeSO4·7H2O) in commercial textile dyes at different pH (3 to 13). The response variable was the percentage of color and chemical oxygen demand (COD) reductions. In the coagulation procedure, a range of Fe2+ concentrations (FeSO4·7H2O) from 0.25 to 5 g L-1, at different pH values (3 to 13) was used. Largest reductions were obtained at pH 11 using 2.5 g L-1 of FeSO4·7H2O, yielding 96.9% reduction in dye and 54% reduction of COD. At pH 3, color reduction was 72.9% and COD 6.5%, which is attributed to the fact that dyes tend to aggregate in alkaline medium, causing reduction in solubility and ionization. In the process of ozonation and catalytic ozonation, 3.5 g h-1 of ozone mass flow was applied. After 10 min of ozonation and at different pH (3, 5, 8 and 11), in contradiction with coagulation experiments, the highest color and COD reductions were obtained at pH 3, with 77% color and 11% COD reduction, respectively. It should be pointed out that in an alkaline media, there is the decomposition ozone, occurring the formation of·OH radicals, waiting for an increase in the oxidation of pollutants. However, organic dyes, having polyaromatic structures and double bonds in their chromophoric groups, can react both in molecular pathway (acidic medium) as a radical·OH (alkaline medium). Considering the presence of acetic acid in the dye formulation, this will possibly compete with·OH alkaline solution, meaning that less·OH is available for dye oxidation. In the same study, ozonation tests were also conducted in the presence of Fe2+ ions as FeSO4·7H2O, applied in concentrations ranging from 0.025 to 1.0 g L-1 at different pH (3 to 11). The color and COD removal efficiency was slightly higher in the presence than in the absence of Fe2+, showing the tendency to decrease with increasing pH, too. Increasing the concentration of Fe2+ to 0.5 and 1.0 g L-1 at pH 3, showed an increase in the percentage of color and COD reductions. For 0.5 g L-1 Fe2+ concentration, 76.2 and 25.2% color and COD reductions were observed, respectively. Increasing the concentration of Fe2+ to 1.0 g L-1, 94.6 and 47.8% in color and COD reductions were achieved, respectively. However, it possibly works in alkaline medium using Fe2+ ions. COD and total organic carbon (TOC) removal rates do not depend only on catalyst, but also on the matrix to be treated.

  Freire et al.21 applied the ozonation process for treating paper mill effluent by direct reaction (molecular ozone) and by indirect reaction (hydroxyl radical). These two processes were compared concerning TOC removal efficiency, total phenols and effluent color. Sevimli and Kinaci22 compared the efficiency of Fenton process with ozonation and Fenton process concerning textile dying degradation. Balcioglu and ötker23 compared pH and H2O2 concentration effect over the ozonation process, concerning COD efficiency removing of pharmaceutical effluents.

  Some references found in literature compare the efficiency of the ozonation process in the degradation of different substrates via direct and indirect reaction. For this work, both acidic media (pH 4.0) and alkaline media (pH 10.0) were used.

  This work aims an experimental design to evaluate the efficiency of a dairy effluent treatment system from a dairy industry, Cia. de Alimentos Glória, in the city of Guaratinguetá, state of São Paulo, Brazil. The technique used advanced oxidation processes with the use of catalytic ozonation, using Fe2+ as a catalyst in a recycling semi-batch process, besides a new reactor configuration due to the foam generated during the process.

  This work aims a technological innovation since there is no scientific reference to scientific work about homogeneous catalytic ozonation in a semi-batch process with recycling for this type of effluent.

   

  Experimental

  Sampling and preservation

  The effluent used was from the dairy industry Cia. de Alimentos Glória in the city of Guaratinguetá, São Paulo, Brazil. Samples were collected directly from the homogenizer tank of such industry in quantity enough to perform all of the experimental design planned; they were stored in plastic recipients and frozen down in order to minimize alteration in the physicochemical characteristics of the effluent. Analysis and experiments were conducted at Escola de Engenharia de Lorena (EEL-USP) in the Laboratories of Basic and Environmental Sciences Department (LOB) and Chemical Engineering Department (LOQ).

  Methodology

  A volume of 2 L of dairy effluent was used in each experiment, conditioned naturally to room temperature (23 ± 2 ºC) before experiments. In order to minimize any intrinsic physicochemical alteration to this type of effluent, only the corresponding volume of effluent was thawed to be used in possible experiments of the day. After homogenizing the effluent, the volume was measured in a flask and transferred to a Becker. pH was adjusted according to the experimental condition with commercial solutions of 98% m/m H2SO4 that were measured using a benchtop pHmeter. After the adjustment, the effluent was introduced to the reactor. After setting up all modules and adaptation of pumps and tubes, O2 flow rate (99.50% of purity) for cylinder was adjusted using a valve according to each experiment. During this phase, the whole system was verified using only injection of O2. Afterwards and concomitantly, the ozonator was started up at the specific power and the addition of FeSO4·7H2O began. This solution was previously solubilized with commercial 98% m/m H2SO4, being introduced to the reactor with a peristaltic pump during 20 min of the total reaction time according to design of experiment levels. Concomitantly, the aeration of the system was initiated for foam formation reduction.

  In general, homogeneous catalytic ozonation application should be associated with some technique for the removal of metallic ions from the treated effluent. Toxic character of some metals may restrict the application of this type of process. Furthermore, the presence of ions like iron, although less dangerous from a toxicological point of view, may be associated with undesirable effects, such as the arising of blemishes in clothes, as well as an unpleasant taste and odor in water.11

  Liquid foam was drained into a reservoir that could be recycled to the oxidative process through a pulse peristaltic pump (started up at the beginning of the process), without compromising the initial volume of the reactor. With a gradual reduction of foam formation during the rest of the reaction, the air pump was shut down at the last 10 min of the process. After 30 min of reaction, an aliquot (30 mL) was taken to perform TOC analysis. It is imperative to explain that prior to TOC analysis, considering the heterogeneous catalysis, the final product (obtained after oxidation process) was filtered and pH was conditioned in an acidic media. Considering the homogeneous catalysis, the final product was conditioned in alkaline solution for Fe precipitation, and then, pH was conditioned in an acidic media.

  Organic carbon determinations were carried out using a total organic carbon Shimadzu analyzer, model TOC-VCPH, based on the catalytic oxidation at high temperatures.

  In the determination of TOC, the analytical curve of non-purgeable organic carbon (NPOC) was prepared using a standard solution of potassium biphthalate, linear range 0-1000 mg L-1. To the TOC determinations, samples were diluted with deionized water according to their concentrations. Samples were prepared between pH 2.9 to 3.1, without any precipitate and after homogenization they were injected in the combustion chamber of the equipment of TOC determination.

  Quantification of O3 mass flow

  Iodometric titration was used to quantify the concentration of O3 that was bubbled in a KI solution in sulfuric medium that consists in an indirect titration process. The end point for titration was obtained using amido gum as an indicator.24 The formation of tri-iodine ion (I3–), stable and soluble reactional product, which possesses the same number of equivalents than ozone, was obtained as shown in equations 16 to 18.
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  The concentration of tri-iodine was dosed by using a standard solution of sodium thiosulfate as shown in equation 19.
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  It is relevant to emphasize that the combination among ozonator power and O2 flow rate did not show linearity, and thus, the O3 mass flow rate (mg min-1) was quantified in all experiments of the experimental matrix. It was quantified the O3 that was injected in the reactor, before the contact with the effluent. So, the products of the effluent do not interfere with this quantification.

  Configuration of semi-batch reactor with recycle to the catalytic ozonation process of dairy effluent

  The reactor used in this work was developed after some exploratory experiments. From an operational point of view, it is worth to emphasize that the configuration developed in this work gives the possibility to use the reactor under different systems: batch, semi-continuous with recycle and continuous one.

  The reactor used in this work was idealized aiming effluent treatment that, besides promoting oxidation of organic matter, would concomitantly eliminate the foam formed during the treatment, without compromising the process or influencing the kinetics of degradation. The reactor was projected in borosilicate glass that can be operated in a batch or a continuous process (Figure 1). It consists of three main modules: reactor, cone (foam separator) and reservoir.
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  The inferior part of the reactor is 0.42 m high and of 0.10 m internal diameter with volumetric capacity of 4.0 L supported by a wooden base.

  The oxidation process of the organic matter is carried out in the reactor (1). It consists, in all its extension, of a cylinder shape and that is where the input of O2 + O3 (4) from the ozonator (6), catalytic solution (7a), effluent feed (7) and sampling (11) occurs.

  The O2 + O3 input is done at the base of the reactor (4) by micro-bubbles, using an air-stone (4a) for better adsorption of O2 + O3 and homogenization of oxidative system. The  oxygen of the O2 cylinder (5) is converted into ozone by the  method of electric discharge that occurs in the ozonator, taking into account that the input is done at the inferior part of the reactor allowing an ascending flow.

  The entry of the catalytic solution (7) is done at the opposite side of the O2 + O3 flow. The catalytic solution (7a) is previously prepared in sulfuric medium and introduced to the reactor by peristaltic pump (8) that is activated 10 s after the ozone input and remains active for 20 min of the whole reaction time of 30 min.

  The effluent recycle entry, after the disruption of foam, is processed by the entry (9) through a pulse pump (10).

  Sampling (11) was carried out manually with a kind of an open/close glass valve that allows fast sampling and closure of the system, without interference.

  Module (2) is in the shape of a cone and it is attached to the reactor by a metal clip strap (2a). This is composed of a glass tube (2b) curved at 180º. This tube is comprised of an internal capillary tube with a narrower end (2c), projected in favor of the flow, in which atmospheric air is introduced by a centrifuge pump with the function of disrupting superficial tension of the foam (2c). The curved end of the tube allows a perfect fit to a hose (2e) for the transportation of effluent to the third module (3) (reservoir) that is connected to a pulse pump (10). This projects the liquid back to the reactional system through the entry (9) as recycling, completing the cycle of configuration of the reactor.

  Experimental design for the degradation of the dairy effluent

  In order to optimize the parameters to be tested, a 24–1 fraction type of factorial statistical design was carried out, randomly, in duplicate with 3 central points, being the response variable the percentage of reduction of total organic carbon (TOCred) after 30 min of reaction. The independent variables (factors) proposed for this stage were ozonator power, O2 flow rate of the cylinder, Fe2+ concentrations and pH. Table 1 shows the variables with respective evaluated levels.
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  Estimate values of ozonator power were determined by experimental measurement using a power and energy consumption measuring equipment (ICEL, model ME-2500, 220 V and 60 Hz, conformity certifying number 201111011512). Feeding the ozone generator was carried out by using oxygen gas of high nominal purity of 99.50% and a valve attached to the cylinder with an adjustment from 0 to 2 L min-1. Fe2+ concentrations were 0.5, 0.75 and 1.0 g L-1, corresponding to 5.03, 7.55 and 10.06 g of FeSO4·7H2O with 99.0% of purity for 2 L of effluent.

  After evaluating better experimental conditions, the physically and chemically treated product was analyzed to verify if the quality was in accordance with discharge limits to hydric bodies or if it should undergo a biological treatment as activated sludge treatment.

   

  Results and Discussion

  Analytic characterization of effluent in natura

  Table 2 shows the results from the physicochemical characterization of the effluent in natura of the studied industry, along with data from pertinent legislation of discharge in hydric bodies: Article 18 of Environmental Control Agency of São Paulo State (CETESB),25 an environmental agency in the State of São Paulo, Brazil, Resolution 357/05 of National Council of Environment (CONAMA)26 and CONAMA Resolution 430/11 that complements and changes 357/05.27
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  According to Table 2, there is a great variation in the analyzed parameters, which can be explained by different cleaning processes, physical and chemical characteristics of raw materials and processing type of products. The variation is related to the collections made during the experimental period, not only in one day.
  
  The dairy effluent is characterized as a white color type of effluent due to the physicochemical characteristics. The cleaning system "clean in place" (CIP), in which acidic and alkaline solutions are added, carries this cleaning water to the treatment plant resulting in a pH that can range from 2.0 to 12.0 in the homogenizer tank.30

  Gases produced by the fermentation of anaerobic bacteria cause the odor; suspended solids and/or emulsifiers cause turbidity. Suspended solids are derived from milk coagulants. The loss of fat from milk that corresponds to 90% of total fat material of the effluent,31 also contributes to the high concentration of solids.

  The presence of nitrogen is related to high content of proteins but since milk is diluted in the cleaning process, this value is found under the limits of legislation concerning discharge in hydric bodies.

  Although COD does not appear as one of the parameters of discharge in waters it is a factor of extreme importance for aiding in the determination of recalcitrance of a compound in relation to biochemical oxygen demand (BOD), indicating its biodegradability.32-34 High values of COD are due to substances present in the milk; spills, leaks, deficient operations of equipment, overload of tanks and loss in the process also contribute to the increase of concentration of the organic matter of the effluent.35

  Another important parameter to be analyzed is the relation between biochemical oxygen demand after five days incubation and chemical oxygen demand (BOD5/COD) in which an estimate of biodegradability can be inferred.32-34 As in BOD, only the biodegradable fraction can be measured, the higher this value is close to COD, the easier the effluent can be biodegrated.36,37

  Raw liquid effluents of dairy industries show mean values of BOD5/COD in the range of 0.50 to 0.70.4 The ratio BOD5/COD has been used by several researchers to express biodegradability of effluents of environmental relevance, being used as a parameter in the selection of type of effluent treatment. According to results from raw effluents, the mean ratio of BOD5/COD was 0.85. After the treatment by catalytic ozonation, this ratio reached the value of 1.27. The increase in BOD5/COD obtained suggests that the chemical process may be used as a pre-treatment in order to improve biodegrability of the effluent. According to Balcioglu and ötker23 the most biodegradable fraction of an effluent may be increased by ozonation, since it leads to formation of low molecular weight by-products that are readily biodegraded.

  Thus, the use of biological processes for this type of effluent can be justified, something that had already been taken into account by the company. Although activated sludge process is widely used, it can be observed that in several visits to the company there was a strong and characteristic odor, high sludge production, consumption of nutrients and hydraulic retention time in the effluent treatment.

  Besides all of the above mentioned, biological processes have some limitations, as a narrow range of optimal conditions (pH, temperature, nutrient concentration, residence time). Among several other restrictions, it can be cited the inability of biological processes to metabolize recalcitrant compounds.38

  Several studies have been conducted in order to develop technologies that minimize industrial effluents volume and toxicity, aiming to allow not only the removal of contaminant substances, but also the complete mineralization. Toxicity associated with industrial effluents may be intimately associated with the presence of recalcitrant or refractory compounds.39

  Recalcitrant or refractory compounds are not biodegraded by organisms that normally exist in treatment of biological systems, considering hydraulic retention times usually applied. However, they are frequently disposed on aquatic bodies.11

  In this situation, chemical processes appear as a promising alternative for degradation of these pollutant chemical species.40

  For the parameter oils and fat, it can be observed that its concentration is high due to the content of fat present in the raw effluent from processed raw material and the process adopted by industry.31

  Evaluation of experimental matrix and TOCred in the design of semi-batch process with recycle

  With the purpose of increasing efficiency in the ozonation reactions, especially in the removal of organic matter with ozone consumption inferior to the direct ozonation, the catalytic process was used. Some considerations have to be taken into account, however, as for the employment of catalytic process: (i) solubility of catalyst in the reactional media; (ii) difficulty in reusing the catalyst used; (iii) need of using ion removal techniques due to its toxic characteristics and/or unwanted adverse effects.11

  Ferrous ions were selected as catalysts for this work. Therefore, there is no definition of the type of catalysis of the process because in acidic pH, ferrous ions are soluble (homogeneous), but in pH 7 and 10, there is a formation of a product less soluble with Fe2+ ion (heterogeneous). The maximum concentration of Fe2+ in this work was 1.0 g L-1, because in higher concentrations it was verified a little reduction on the percentage of TOC reduction (TOCred).

  The maximum power of the ozonator in this work was 35 W. There was a notorious and characteristic odor of ozone when pure oxygen from the cylinder was used. This could be determined qualitatively by O3 indicator paper that darkened quickly under power higher than 35 W. Maximum and minimum flow rates were inverted during the treatment, being the flow rate at the low level of 0.5 L min-1 and high level of 0.125 L min-1, which does not compromise the statistical evaluation of the process. To this extent, atmospheric air was injected through a silicon hose attached to the tube containing a capillary tube, enabling the disruption of superficial tension of the foam. In all experiments and at the first 10 min of oxidation reaction, there was an intense formation of foam, possibly based on the fast degradation and respective mineralization of effluent to CO2. Some different causes may be considered to explain this foam formation. The wastewater may contain various substances used for cleaning equipment and factory items, such as alkaline phosphates, acids, surfactants and complexing compounds.41 The presence of large quantities of O2 + O3 could also enhance the foam formation. Furthermore, the foam formation could be favored by the fast degradation and respective mineralization of effluent to CO2. However, hypotheses investigation were not performed in this work.

  Table 3 presents the percentage of TOCred and mass ratio of O3 by oxidized carbon.
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  Overall, it was observed that replicates showed low deviation, which indicates good repeatability and good control of random errors.

  An analysis based on results showed that the best average for TOCred (61.29%) was obtained with experiments in duplicate 1 and 19, suggesting that the ozonator power (A) must work at its highest level (35 W), O2 flow rate (B) must be at 0.125 L min-1, Fe2+ concentration (C) in 0.5 g L-1 of effluent and pH (D) 4.0.

  Due to the ozonator power and O2 flow rate, the average ozone mass rate could be determined for the experimental design, being the O3 mass rate of duplicates 1 and 19 (3.85 mg min-1). The best result for the O3 mass relation by carbon degraded (TOC) was 0.09, which indicates that the ozonator power and O2 flow rate selected were pertinent to the proposed process. Considering economical and safety aspects, it is important because O3 in excess can compromise the process.

  It is not possible just through the analysis of the results of Table 3 to evaluate and optimize the best experimental conditions. However, all of the TOCred reduction responses were assessed for statistical analysis generated by Minitab 16.

  First, the graphic of probabilities of percentage reduction of each output variable (TOCred) was generated, to verify the normality of experimental data of this planning. Figure 2 shows the graph of normal probability in terms of percentage of TOCred. The points in the figure correspond to the 19 experiments of the exploratory factorial matrix fractional 24–1, conducted in duplicate with three central points.
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  It can be seen in Figure 2 that the graph does not follow a normal distribution with a p-value of 0.033. Even though data is aligned, 95% of data points are within the limit of experimental error for a 95% level, showing confidence to experiments. The various effects of variables may be seen in Figure 3 and Table 4 (analysis of variance, ANOVA) and in Figure 4 (Pareto chart).

  
    

    [image: Figure 3. Main effects for percentage]

  

  
    

    [image: Figure 4. Pareto chart of the standardized effects considering]

  

  Figure 3 shows the main effects of parameters for percentage of TOCred. It can be seen that for the highest percentage of TOCred, the best condition is found with factors A, B and C adjusted in the central point (33 W; 0.25 L min-1 and 0.75 g Fe2+ L-1 respectively), while D factor was at low level (pH 4.0).

  The analysis of variance consists in a group of statistical models such as least squares for the evaluation of total sample variance that can be attributed to different factors of experimental error. Figure 3 shows that the best and highest percentage of TOCred is working with the power flow, and [Fe2+] at the central point, or 33W power, the O2 flow rate 0.25 L min-1 and [Fe2+] 0.75 g L-1 effluent, obtaining reductions getting TOCred above 56%.

  Table 4 presents factors of analysis of variance (ANOVA) involved in the catalytic ozonation process.

  Through ANOVA (Table 4), it can be observed that all studied variables were significant on the studied process with p-value, which is approximately zero (since we showed only three digits on the table, it appears as being "0.000"). A p-value ranges from 0 to 1. The p-value is calculated from the observed sample and represents the probability of incorrectly rejecting a null hypothesis that is true indeed (type I error). Minitab 16 automatically displays p-values for most hypothesis tests. These results were also confirmed by a Pareto diagram with 95% confidence, presented in Figure 4.

  To the variable response TOCred, the factor power (A) was more significant than the interaction power-iron (AC) which indicated that the direct ozonation is more reoccurring.

  Based on the design of experiment used, a statistical model was proposed in order to predict the behavior of the catalytic ozonation process. Equation 20 represents the model obtained (considering ANOVA in Table 4), having the response factor percentage of TOCred.
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  The mathematical model obtained does not demonstrate lack of adjustment and presents an R2 of 99.73% of variations around the mean. Therefore, the optimization of variables can be found at power (35 W), O2 flow rate (0.125 L min-1), Fe2+ concentration (1.0 g L-1) and pH (4.0), with 64.26% of TOCred.

  The best experiment with variables at the optimized level were carried out obtaining a mean value (triplicate) of 64.03% in the TOCred, which is close to the theoretical one, 64.26%.

  Economic evaluation of semi-batch process with recycle

  Estimate values of energetic consumption of equipment were determined by experimental measurement considering the time of 30 min. Table 5 shows the estimated cost of experiments for the experimental planning used.
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  Overall, Table 5 shows that the best result of the process is also the one with lower cost/TOCred ratio. As it can be observed in experiments 1 and 19 of design 24–1, in which the mean was 61.29% of degradation of TOCred concentration and its cost/TOCred ratio (0.50), the ratio is the lowest of all the other experiments.

  According to the statistical modelling, the optimization of variables shows 64.03% of TOCred with a cost of US$ 0.03644 L-1 of effluent, in which the change happens only with the Fe2+ concentration factor. Even with the change in ferrous concentration, the estimate is relatively the same (US$ 0.03 L-1 of treated effluent), being the best cost/TOCred ratio of the catalytic ozonation process the one in which optimized variable conditions were ozonator power (35 W), O2 flow rate (0.125 L min-1), Fe2+ concentration (1.0 g L-1) and pH (4.0).

  Loures et al.44 carried out a study of the application of photo-Fenton process followed by a biological treatment in dairy effluents. Best experimental conditions had percentage of TOCred as response variable and they were: temperature at 30 ºC; pH 5.0; concentration of peroxide of 0.255 mol L-1; Fe2+ concentration of 0.0108 mol L-1; UV irradiation of 15 W and time of 60 min. Under these conditions, they obtained 54.96% of TOCred. Results showed high efficiency with biological treatment after the AOP where COD, BOD5 and TOCred were 91, 74 and 91%, respectively. The total estimate cost of photo-Fenton treatment was US$ 0.0893 L-1 of effluent with a cost/TOCred ratio of 1.62.

  Salazar and Izário Filho45 studied the heterogeneous photocatalytic process to reduce the organic matter of dairy industry effluent. Titanium dioxide (TiO2) was used as the semiconductor with solar radiation. Best conditions of the treatment step having percentage of reduction of COD were: time of reaction of 180 min, TiO2 anatase and pH 5.0 obtaining 54.77% of COD reduction.

  In addition, Samanamud et al.46 studied the hetereogeneous photocatalytic process on dairy effluent treatment. In this study, ZnO was employed as the semiconductor using solar radiation. Degradation was measured in terms of percentage of TOCred, the highest efficiency was found at pH 8.0 with a TOCred of 14.23% of degradation with a reaction time of 180 min. The photocatalytic treatment had an estimate cost of US$ 0.0055 L-1 of effluent, but with a cost/TOCred ratio of 0.39.

  It can be observed that in the heterogeneous catalysis with UV radiation, the reaction time to obtain a significant reduction of organic content is higher when compared to homogeneous catalytic processes.

   

  Conclusions

  The designed reactor showed efficiency in disrupting the superficial tension of foam, without compromising the volume, and, possibly, the kinetics of the reaction.

  The optimization of the variables of the process via mathematical model showed a TOCred of 64.03%, ozonator power of 35 W, O2 flow rate of 0.125 L min-1, Fe2+ concentration of 1.0 g L-1 and pH 4.0, with an estimate cost of US$ 0.03 L-1 of effluent.

  The treatment performed was insufficient to guarantee direct discharge to superficial water. However, significant reduction in TOCred concentration makes that the chemically treated product (catalytic ozonation with ferrous ion), with significant cost/TOCred ratio, shows better characteristics prior undergoing a biological treatment, reducing hydraulic retention time, risk of overloading and oscillations in the organic matter content. However, other characteristics, as pH and residual ozone should be considered, too.
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    FeCu catalysts were prepared by co-precipitation method with or without the assistance of the surfactant, polyvinyl pyrrolidone (PVP), polyvinyl alcohol (PVA) or polyethylene glycol (PEG). The effect of surfactant on the structure and catalytic behavior of FeCu catalysts was investigated. The catalysts were characterized by inductively coupled plasma (ICP) spectroscopy, Brunauer-Emmett-Teller (BET) surface area, scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), H2-temperature-programmed reduction (TPR) and Fourier transform infrared (FTIR) spectroscopy techniques. They were tested for Fischer-Tropsch synthesis (FTS) at 230-310 ºC. The results showed that the catalysts prepared with PVA were more active than the catalysts prepared without any surfactant's assistance, the catalysts prepared with PVP and the catalysts prepared with PEG. In addition, the morphologies of the iron catalysts can be controlled by different surfactants. Meanwhile, addition of surfactant remarkably influenced the growth orientation of hematite nanocrystals, resulting in preferential exposure of the (110) plane. The characterization results revealed that PVA can promote the dispersion of iron oxides and the formation of the more active phase on the catalyst.
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  Introduction

  The Fischer-Tropsch (FT) reaction is a heterogeneous catalytic reaction that converts synthesis gas, that is, a mixture of carbon monoxide (CO) and hydrogen (H2), into mainly linear hydrocarbons.1,2 Iron-based catalyst is favored due to its low cost, adjustable selectivity, and reasonable water-gas shift (WGS) activity, which means a flexible operation for the industrial process.3-5

  Transition metal promoter, such as Cu, is also incorporated into iron-based Fischer-Tropsch synthesis (FTS) catalyst to optimize the chemical environment of the catalyst. Among them, Cu is widely used in commercial FTS process, because the presence of Cu facilitates the reduction of α-Fe2O3 to Fe3O4 or metallic Fe.6,7

  Generally, the preparation method of catalysts is one of the fundamental factors that play an important role in the precursor structure of catalysts and in the activity of catalysts.8-10 Co-precipitation method has been used in the preparation of iron-based catalysts.11-13 However, difficulties in controlling both the particle size and the crystal phases are the main drawbacks of this method. In addition, the FT reaction is a structure sensitive reaction.14 A well-known method for the preparation of porous nanostructures is the surfactant-template method combined with a conventional synthesis route such as the co-precipitation. The surfactants have been already demonstrated as powerful agents to control the size and shape of nanomaterials (both inorganic and organic) because of the strong interaction between surfactants and crystal surfaces during the formation of nanocrystals.15 When surfactants are used as reaction media, surfactants are capable to control the growth of bulky crystals. Nowadays, different surfactants have shown potential applications in many fields such as catalysis,16 electrochemistry,17 and so on.18-20 Luo et al.16 investigated that high-surface area nanosized CuO-CeO2 catalysts were prepared by a surfactant-templated method and showed high catalytic activity for selective oxidation of CO. In addition, Li and co-workers17 found that cobalt nickel double hydroxides nanoparticles were synthesized by a polyvinyl pyrrolidone-assisted chemical co-precipitation method and the Co0.57Ni0.43 LDH electrode also demonstrated a good cycling performance. Thus, the addition of the surfactant in catalyst is essential. However, little research on their applications in FTS has been done. Based on this, the effect of different surfactants on the performance of Fischer-Tropsch synthesis over FeCu catalysts were investigated in the present study.

  A series of FeCu catalysts were prepared by co­precipitation method with or without the assistance of the surfactant, polyvinyl pyrrolidone (PVP), polyvinyl alcohol (PVA) or polyethylene glycol (PEG). These catalysts were characterized by inductively coupled plasma (ICP) spectroscopy, Brunauer-Emmett-Teller (BET) surface area, scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), H2-temperature-programmed reduction (TPR) and Fourier transform infrared (FTIR) spectroscopy techniques. The performance of Fischer-Tropsch synthesis over the catalysts was investigated. The relation between the structure and the catalytic activity of these catalysts in Fischer-Tropsch synthesis was also discussed.

   

  Experimental

  Catalyst preparation

  FeCu catalysts, with the mass ratio of Fe/Cu = 100:6, were prepared by co-precipitation method with or without the assistance of surfactant. For a typical synthesis, 30 mmol Fe(NO3)3 and 1.59 mmol Cu(NO3)2 were added into a solution with or without the surfactant, PVP, PVA or PEG at room temperature under constant stirring. After the mixture was stirred for 0.5 h, ammonia solution (20 wt. %) was added into the solution and the pH was maintained at 8.5. The obtained precipitate was aged for 2 h at room temperature, and then washed and filtered. After that, the filtered cakes were dried at 100 ºC for 6 h, followed by calcination at 500 ºC for 6 h in air. In this study, the FeCu catalysts, prepared with no surfactant, 15 wt. % of PVP, 15 wt. % of PVA and 15 wt. % of PEG, were denoted as FeCu-Blank, FeCu-PVP, FeCu-PVA and FeCu-PEG, respectively. Table 1 shows the physical properties of precipitated iron catalysts.
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  Characterization

  The physico-chemical characteristics of catalysts were characterized by ICP, BET, XRD, SEM, TEM, H2-TPR and FTIR techniques.

  The actual composition of the catalysts was determined by ICP-atomic emission spectroscopy (AES). To prepare the solution for elemental analysis, 2 mL of concentrated nitric acid was used to dissolve 40 mg of catalyst sample, followed by adding 2 mL of 30 wt. % H2O2; the solution was then diluted to 1000 mL with deionized water.

  BET surface area of the catalysts was measured by nitrogen sorption at –195.8 ºC with a TriStar 3000 Gas Absorption Analyzer. The pore diameter was calculated by applying the Barrett-Joyner-Halenda method (BJH) to the adsorption branches of the N2 isotherms. The samples were degassed at 200 ºC and 6.7 Pa for 2 h prior to the measurement.

  The morphology of catalysts was investigated by SEM (Jeol JSM-6701F). The catalysts were treated by desiccation and spray-gold.

  TEM images of the catalysts were obtained by using a Jeol JEM 2010 microscope operating at 200 kV. The catalysts were dispersed in ethanol and mounted on a carbon foil supported on a copper grid.

  XRD measurements were carried out with a D/max­RA X-ray diffractometer (Rigaku), equipped with Cu Kα radiation (λ = 1.5406 Å) at 40 kV and 150 mA. The measurements were made at room temperature in the 2θ range of 10-80 ºC with a scanning rate of 2 or 4º min-1.

  H2-TPR experiment was performed in a conventional atmospheric quartz reactor (5 mm i.d. ). A flow of 5% H2/95% Ar (v/v), maintained at a flow of 50 mL min-1, was used as the reduction gas, and the TPR profiles were recorded by using the response of the thermal conductivity detector (TCD) of the effluent gas. Typically, 50 mg samples were loaded and reduced by 5% H2/95% Ar (v/v) with the temperature rising from room temperature to 1000 ºC at a rate of 10 ºC min-1.

  FTIR spectra were recorded in the 400-4000 cm-1 range with a Bruker Vertex 70 FTIR, using the KBr pellet technique.

  Catalytic activity

  The FTS performance of the catalysts was tested in a stainless steel fixed-bed reactor with inner diameter of 12 mm. A volume of 2 mL of catalyst was loaded into the reactor for all the reaction tests, and the mass of catalyst is listed in Table 1. The remaining volume of the reactor tube was filled with quartz granules. All the catalysts were activated with syngas (H2/CO = 2.0) at 280 ºC, 0.30 MPa, and 1000 h–1 for 24 h. The reaction conditions were maintained at 1.5 MPa, 2000 h-1, and H2/CO = 2.0. A detailed description of the reactor and product analysis systems has been given elsewhere.21

   

  Results and Discussion

  Textural properties of catalysts

  The textual properties of the calcined catalysts prepared with or without the assistance of different surfactants are shown in Table 1 and Figure 1. It can be seen that the BET surface area of catalyst prepared with no surfactant (FeCu­Blank) is about 24 m2 g-1. Much smaller BET surface area and total pore volume are found for the catalysts prepared with surfactant compared with the catalyst prepared with no surfactant (FeCu-Blank), especially for FeCu-PEG catalyst. In addition, the average pore diameter of the catalysts prepared with surfactant is higher than that of FeCu-Blank catalyst. The pore size distribution (PSD) in Figure 1 shows a smaller pore diameter (4-15 nm) in the FeCu-Blank catalyst. For the catalysts prepared with surfactant, the PSD curve shifts to higher pore diameter compared with the FeCu­Blank catalyst, especially for FeCu-PEG catalyst. It indicates that with the introduction of the surfactant in the course of preparing the binary matrix, the BET surface area of catalysts becomes small and pore diameter of catalysts becomes large, due to the interaction between catalyst precursors and surfactant.20 It is well known that non-ionic surfactant can be adsorbed on particles in the form of surface micelles (or bilayer-like structures) and provide stereo repulsion during Brownian collisions, even in the absence of electrostatic repulsive forces.22

  
    

    [image: Figure 1. Pore size distribution of the calcined catalysts]

  

  Morphology of catalysts

  The morphology and structural details of the catalyst were examined using SEM and TEM, as shown in Figures 2 and 3, respectively. FeCu-Blank catalyst has a relatively loose morphology mainly consisting of spherical aggregates (Figures 2a and 3a) at particle diameter of around 23 nm (Figure 3a, inset). FeCu-PVP catalyst is irregular bulk (Figure 2b). However, FeCu-PEG catalyst has a dense morphology composed of numerous irregular iron oxide particles (Figure 2d). Meanwhile, for the FeCu-PVA catalyst, the loose morphology exhibits highly porous structure (Figures 2c and 3b). In high magnification (Figure 2c, inset), nanoparticles of the FeCu-PVA catalyst arrange at random and form a loosely packed microstructure in the morphology requirement for easy gas diffusion and mass transport during FTS reaction. It indicates that the morphologies of the iron catalysts can be controlled by different surfactants.
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    [image: Figure 3. TEM images of the calcined catalysts]

  

  Crystallite structure of catalysts

  XRD patterns of the calcined catalysts prepared with or without the assistance of different surfactants are presented in Figure 4a. The only detectable phase in the diffraction patterns of all catalysts is well-crystallized hematite (α-Fe2O3) with characteristic diffraction peaks at 2θ angles of 24.2, 33.1, 35.6, 40.8, 49.52, 54.0, 57.6, 62.5 and 64.0º.23 Moreover, it can be found that the intensity of α-Fe2O3 characteristic peak increases in the order of FeCu-Blank < FeCu-PVP < FeCu-PVA < FeCu-PEG. It implies that the adding of surfactant in the preparation of iron catalyst promotes the growth of α-Fe2O3 crystallite. Interestingly, compared with the standard stick pattern (Joint Committee on Powder Diffraction Standards (JCPDS) Card No. 033­0664) of pure hematite, the peak of the (110) plane is anomalously higher than that of the (104) plane. This result indicates that the adding of surfactant in the preparation of iron catalyst remarkably influences the growth orientation of hematite nanocrystals, resulting in the preferential exposure of the (110) plane.
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  After reduction, all the peaks in the XRD pattern shown in Figure 4b can be indexed as the iron carbide (χ-Fe5C2) phase, with no other phase being detected, which is consistent with the previous reports.24 The intensity of χ-Fe5C2 characteristic peak of FeCu-PVA is stronger than that of FeCu-PEG, FeCu-PVP and FeCu-Blank. The result demonstrates that the addition of PVA in the preparation of iron catalyst promotes the carburization of iron oxides. Iron carbide is the active phase for FTS.13 All of the hematite in catalysts were reduced and rapidly transformed into active sites during reduction. As the reduction by syngas proceeded, iron oxide was transformed from Fe2O3 → Fe3O4 → α-Fe or iron carbide. α-Fe could not be observed in our catalyst after reduction, because the metallic iron was fairly reactive to carbon dissociated from carbon monoxide.24

  After reaction, the XRD patterns of the used catalysts are shown in Figure 4c. There are a few lines assigned to dilute quartz in all catalysts. There are several diffraction peaks at 35.5, 43.1, 57.0 and 62.6º along with the characteristic peaks of magnetite (Fe3O4) in the XRD patterns. Due to the poor crystallographic form of iron carbide, the peaks around 31 and 44.5º are broad, and it is impossible to identify which carbide is present in the XRD patterns, or to determine the stoichiometry of this carbide from the XRD patterns.25 Nevertheless, the intensity of Fe3O4 characteristic peak increases in the order of FeCu-PVA < FeCu-Blank < FeCu-PVP < FeCu­PEG, so it can be concluded that more active phase were generated with addition of PVA in the course of preparing the binary matrix, which can also account for better catalytic performance over FeCu­PVA catalyst in Fischer-Tropsch synthesis. Davis and co­workers26 and Datye and co­workers27 reported that Fe3O4 was the only phase in iron catalysts after reaction detectable by XRD analysis, because of the poor crystallographic form of iron carbide.

  Reduction behavior of catalysts

  Figure 5 shows the H2-TPR profiles of the calcined catalysts. It is obvious that there are two multiple hydrogen consumption peaks at different temperature range for all the catalysts. The low temperature (LT) reduction peaks are assigned to the transformations of CuO → Cu and Fe2O3 → Fe3O4, and the high temperature (HT) reduction peaks are due to the transformation of Fe3O4 → Fe.28 Compared with the base FeCu-Blank, obvious delay of the reduction steps in the LT peaks can be observed for FeCu­PEG, FeCu-PVP and FeCu-PVA, especially for the FeCu-PEG catalyst. This indicates that with the introduction of surfactant in the course of preparing the binary matrix, the reduction temperature of resultant catalyst shifts to higher temperature related to the interaction between CuO and Fe2O3 lattices in FeCu catalyst.28 Furthermore, all the catalysts show that the first peak can be split into three peaks, assigned to reduction of different phases. The first peak can be attributed to the reduction process of CuO → Cu. The second and third peaks can be attributed to the reduction of Fe2O3 → Fe3O4.29 Notably, the LT reduction peaks became symmetrical with addition of different surfactants in the preparation of catalyst, suggesting a stronger interaction force formed with assistance of the surfactant.15
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  FTIR of catalysts

  As an organic assistant agent used during the preparation of the iron catalysts, FTIR is performed to examine whether the organic species is completely removed by later calcination pretreatment at 500 ºC. The FTIR results of the catalysts are shown in Figure 6. The vibrational bands attributed to the crystallization water molecules and the constitution water molecules are observed in the ranges of 3600-3200 and 1700-1550 cm-1, respectively.30 In addition, the about 555 cm-1 band is attributed to the Fe–O stretching vibration.31 From the spectra in Figure 6, it can be found that the bands of catalysts prepared with different surfactants are the same. This result suggests that the organic assistant agent can be completely removed through the calcination at 500 ºC.32
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  FTS performance

  The catalytic activities of catalysts were characterized in a fixed bed reactor, as presented in Table 2. Figure 7 displays CO conversion as a function of temperature for the catalysts prepared with the assistance of different surfactants. The FeCu-PVA catalyst exhibits the markedly highest activity in all catalysts, while the activity of FeCu-PEG catalyst is lowest. Previous studies have shown that iron carbide is the active phase for FTS reaction13 and formation of more iron carbide can increase activity of iron catalyst. Furthermore, the adding of PVA in catalyst preparation favors highly porous structure formation, which allows for easy gas diffusion and mass transport, and leads to increased CO conversion. The iron catalysts mainly produce hydrocarbons. The selectivity of methane over FeCu-PVA catalyst is inferior to that of other catalysts, as shown in Figure 8. In addition, selectivity of methane over FeCu-PEG catalyst is highest. Methane and C2-C4 are the main components in the hydrocarbon products due to the high reaction temperature, whilst the selectivity of C5+ over the iron catalysts is lower. FeCu-PVA catalyst also shows a much higher C5+ selectivity for FTS reaction than other catalysts, especially for FeCu-PEG, as shown in Figure 9. It can be found that the addition of PVA in catalyst preparation can improve the FTS performance of catalyst, but the addition of PEG in catalyst preparation suppresses the FTS performance of catalyst, which is in good agreement with the above characterization results.
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  Conclusions

  A series of FeCu catalysts were prepared by co-precipitation method with or without the assistance of the surfactant, polyvinyl pyrrolidone (PVP), polyvinyl alcohol (PVA) or polyethylene glycol (PEG) in this paper. The FTS performance was investigated over the FeCu catalysts. The results showed that the FeCu-PVA catalyst prepared with PVA exhibited the most excellent FTS activity among all the catalysts investigated. Its superior FTS activity was favorable to formation of a loosely packed microstructure and the more iron carbide on the catalyst.
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    Phytochemical investigation of the MeOH extract of Schinopsis brasiliensis Engl. stems led to the isolation of the new biflavanone (2R*,3R*,2"R*,3"R*)-7-hydroxy-4'-methoxy-flavanone-(3→3")-3"',7"-dihydroxy-4"'-methoxy-flavanone and 4,2',4'-trihydroxychalcone-(3→O→4")-2"',4"'-dihydroxychalcone, whereas methyl gallate, gallic acid, (6R,9R)-megastigma-4-en-3-one-9-O-β-glucopyranoside, quercetin-3-O-β-D-xylopyranoside and tricetin-3'-O-β-D-glucopyranoside were isolated from the MeOH extract of leaves. Their chemical structures were elucidated using spectroscopic methods and comparison with the literature data. Both biflavonoids showed weak inhibition activities of acetyl and butyrylcholinesterase enzymes when compared with eserine.

    Keywords: biflavanone, bichalcone, Schinopsis brasiliensis, Anacardiaceae

  

   

   

  Introduction

  The genus Schinopsis (Anacardiaceae) is composed of fourteen species, and their woods are mainly used in the leather tanning and wood industries due their resistance to degradation by humidity, attack by insects and ultraviolet radiation.1Schinopsis brasiliensis Engl. is a large tree that is popularly known in the Brazilian northeastern region as "baraúna". The local population employs its leaves and bark in the treatment of inflammation, sexual impotence, diarrhea, and cattle intestinal worms.2Unfortunately, it is presently considered an endangered species due to the extensive use of its wood in house construction.

  Species of Anacardiaceae are known to produce toxic or allergenic alkylphenols, especially those present in Rhus, Lannea and Anacardium species. Biflavonoids are another class of compounds present in different genera of this family such as Anacardium, Cotinus, Gomphrena, Myracrodruon, Rhus, Schinopsis, Schinus and Semecarpus.3Thus, these two classes of compounds seem to be chemotaxonomic markers for this family. To date, there is just one previous work describing the presence of n-alkylphenols in S. brasiliensis.4

  The present work describes the results of a phytochemical investigation, including acetylcholinesterase (AChE) assays, of active chloroform soluble fraction of the MeOH extracts of the stems and leaves obtained after partition of the crude methanol extract of S. brasiliensis. Usual chromatographic methods applied to the stem chloroform fraction led to isolation of the biflavonoids (2R*,3R*,2"R*,3"R*)-7-hydroxy-4'-methoxy-flavanone-(3→3")-3"',7"-dihydroxy-4"'-methoxy-flavanone (1) and 4,2',4'-trihydroxychalcone-(3→O→4")-2"',4"'-dihydroxychalcone (2) (Figure 1). The dichloromethane-soluble fraction of the MeOH extract of the leaves that also showed inhibition of the AChE in TLC (thin layer chromatography) monitoring test furnished two flavonoids (3 and 4), megastigmane (5), gallic acid (6) and methyl gallate (7) (Figure 1). Compound 1 is a newly discovered compound, and compounds 2, 4 and 5 were isolated here for the first time in the Anacardiaceae family. Finally, this is the first report of the isolation of compound 3 in the Schinopsis genus.

  
    

    [image: Figure 1. Compounds isolated from Schinopsis brasiliensis]

  

   

  Experimental

  General

  1H NMR, NOESY (nuclear Overhauser effect spectroscopy) and HMBC (heteronuclear multiple bond correlation) spectra were obtained using a Bruker AC-500 instrument operating at 500 MHz for 1H and 125 MHz for 13C. 13C (PND and DEPT) NMR spectra were obtained on a Varian Gemini 2000 instrument operating at 300 MHz for 1H and 75 MHz for 13C. In all spectra were employed CO(CD3)2, C5D5N, and CD3OD as the solvent and reference. High-resolution electrospray ionisation mass spectrometry (HRESIMS) spectra were recorded in negative mode using a micrOTOF system from Bruker Daltonics. Optical rotation was performed using a microcell (Perkin-Elmer, model 343 polarimeter). The inhibition of AChE was measured using a microplate reader (Biotek, model EL 800). Column chromatography (CC) was conducted on silica gel 60 (Acros) or Sephadex LH-20 (Sigma). The fractions were monitored using TLC on silica gel, and the spots were visualized with iodine fumes and UV light (254/366 nm). All reagents and enzymes were purchased from Sigma.

  Plant material

  The stems and leaves of S. brasiliensis were collected in the surroundings of Valente-BA, Brazil. The plant was identified by Prof Maria L. S. Guedes, and a voucher was deposited at the Herbarium Alexandre Leal Costa at the Universidade Federal da Bahia (UFBA) under number 038056.

  Extraction and isolation

  The stems (2 kg) and leaves (579 g) were separated, dried and powdered. Then, they were exhaustively extracted with MeOH at room temperature, furnishing crude extracts (56.3 and 79.2 g, respectively).

  The methanol extract of the stems was subjected to solvent-partition using hexane, chloroform, ethyl acetate and butanol. The resulting CHCl3 soluble fraction (6.65 g) was subjected to CC over silica gel 60 eluted with different mixtures of CHCl3:EtOAc (9:1 → 1:1). The column fractions (50 mL each) obtained were further combined into 7 fractions based on the TLC profile. The sixth fraction (1054.0 mg) eluted with CHCl3:EtOAc (6:4) was subjected to another CC over silica gel 60 and was eluted with a mixture of CH2Cl2:acetone:acetic acid (9:1:0.01), fractions of 11 mL each to afford a yellow solid composed of a mixture of compounds 1 and 2. This mixture (24.4 mg) was subjected to CC over Sephadex LH-20 and sequentially eluted with 50 mL of CH2Cl2:hexane (1:1), CH2Cl2:acetone (9:1), CH2Cl2:MeOH (9:1; 4:1; 1:1) and methanol. Using this procedure, biflavonoids 1 (10.5 mg) and 2 (12.4 mg) were isolated by elution with CH2Cl2-MeOH (4:1) and (1:1), respectively.

  The crude methanolic extract of the leaves (79.2 g) was dissolved in MeOH:H2O (7:3) and subjected to liquid-liquid extraction with CH2Cl2, yielding 6.71 g of CH2Cl2 soluble compounds. The CH2Cl2 fraction was subjected to CC on silica gel using CHCl3 and mixtures of CHCl3:MeOH (95:5→7:3, fractions of 50 mL). From the fraction eluted with CHCl3:MeOH 95:5 and 8:2, methyl gallate 7 (2 g) and gallic acid 6 (33 mg) were obtained. The fraction eluted with CHCl3:MeOH (7:3) furnished tricetin-3'-O-β-D-glucopyranoside 4 (35 mg) after recrystallization in CHCl3:MeOH (1:1). The fraction eluted with CHCl3:MeOH (85:15) was subjected to Sephadex LH-20 gel permeation, eluting with CH2Cl2:MeOH (1:1), and this procedure afforded quercetin-3-O-β-D-xylopyranoside 3 (46.8 mg) and (6R,9R)-megastigma-4-en-3-one 9-O-β-glucopyranoside 5 (21.5 mg).

  (2R*,3R*,2"R*,3"R*)-7-Hydroxy-4'-methoxy-flavanone-(3→3")-3"',7"-dihydroxy-4"'-methoxy-flavanone (1)

  Yellow amorphous solid; [α]D25 = +12 (c 0.3, MeOH); NMR data: see Table 1. HRESIMS m/z [M – H]– 553.1494 (calc. for C32H26O9, 553.1499).

  
    

    [image: Table 1. NMR data [500 (¹H)]

  

  Acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) inhibition tests

  The compounds and CHCl3 soluble fraction of the MeOH extract of stems of S. brasiliensis were evaluated using bioautographic TLC test for acetylcholinesterase activity, which showed positive spots using a methodology based in the colorimetry, described by Marston et al.5 The in vitro quantification of AChE and BuChE inhibition by compounds 1 and 2 were determined by spectrophotometry using a colorimetric method adapted from Ellman et al.6Briefly, 15 µL of acetylcholine iodide or butylcholine and 62 µL of DTNB (5,5'-dithiobis-(2-nitrobenzoic acid) (3 mmol L-1) were incubated with 5 µL of pure compound (500-4 µmol L-1), eserine (positive control), or buffer for 15 min in a 96-well microplate. The reaction was then started by adding 12 µL of enzyme in buffer (0.22 U mL-1). The change in absorbance was recorded at 405 nm using the microplate reader. DTNB, AChE or BuChE and the substrate were dissolved in 0.1 mol L-1 sodium phosphate buffer (pH 7.4). All samples were analyzed in triplicate.

   

  Results and Discussion

  The active chloroform soluble fraction obtained from the MeOH crude extract partition of S. brasiliensis stems, was submitted to various chromatographic procedures in silica gel and Sephadex LH-20 to afford compounds 1 and 2, and their structures were elucidated by HRMS (high resolution mass spectrometry) and mono- and bi-dimensional NMR experiments. The molecular formula of 1 (C32H26O9) was obtained from the peak [M – H]– at m/z 553.1494 observed in the negative HRESIMS (calc. 553.1499). The 13C NMR and DEPT (distortionless enhancement by polarization transfer) spectra indicated the presence of two methoxyl groups, thirteen aromatic methine carbons, six oxygenated aromatic carbons, two methine sp3carbons and two similar acyl groups (d 191.6 and 191.5). These data were consistent with the biflavanone skeletal units, which are linked by the C-ring flavonoid. The 1H NMR spectrum showed signals corresponding to two sets of methine [δH 2.63 (dd; 1.4, 12.2 Hz) and 2.76 (dd; 1.4, 12.2 Hz)] and oxybenzylic [δH 5.98 (d; 12.2 Hz) and 5.92 (d; 12.2 Hz)] hydrogens. These observations were corroborated by the four signals in the 13C NMR spectra at δC 51.6, 51.8, 84.3 and 85.0. These resonances and the coupling constants observed in the 1H NMR spectrum suggested the presence of two cyclic systems bonded by the two C-rings of the biflavanone units. The coupling constants displayed by H-2 and H-2" indicated that these hydrogens are in the pseudo-axial position with the vicinal hydrogens H-3 and H-3", respectively. This finding and the similarities of the 13C chemical shifts of C-2/C-2" and C-3/C-3" indicated that both units show the same relative configurations. The 1H NMR and the 1H-1H COSY (correlation spectroscopy) spectra permitted the assignment of the four aromatic rings with two AMX, one ABX, and one AA'BB' set of hydrogen coupling systems. The substitution pattern of the A-rings of the two units of compound 1 was shown by the peaks, integrating for 2 H each, displayed as doublets at δH 6.32 (2.3 Hz) and 7.71 (8.7 Hz) and a double doublet at δH 6.58 (2.3 and 8.7 Hz). These signals indicated that the A-rings of the biflavanone moieties are substituted in C-7 and C-7" by the hydroxyl groups. The B-rings of this compound were identified as being 1,4-disubstituted and 1,3,4-trisubstituted aromatic rings based on the 1H and 13C NMR data. The doublets at δH 7.07 and 6.94 (2H each) and the methines at δC 130.0 and 114.8 were indicative of a 1,4-disubstituted aromatic system. The set of signals in the range of δH 6.62-6.95, in addition to the characteristic resonances observed in the 13C NMR (δC 131.0, 115.1, 147.7, 149.2, 112.2 and 120.2), indicated the presence of a 1,3,4-trisubstituted aromatic ring with oxygenated substitution in positions 3 and 4.

  The assignment of all of the hydrogenated carbons was made possible by observing the heteronuclear correlations plotted in the HMQC (heteronuclear multiple quantum correlation) experiment. The location of each substituent in the flavonoid skeleton was assigned by correlations observed in the HMBC spectrum and corroborated by the NOESY experiment. The correlations of the methoxy hydrogens at δH 3.84 and C-4', besides the peaks at δH 5.98 (H-2) and δH 6.94 (H-3'/H-5'), and C-1' (δC 130.1) permitted the identification of the B-ring of unit I as a 1,4-disubstituted aromatic ring and unequivocal assignment of all of the 1H and 13C resonances. The correlations observed in the NOESY spectrum between the methoxyl hydrogens, H-3'/H-5', H-2'/-6' and H-2 corroborated the above proposition. The long range correlations also allowed to confirm that the C-4"' and C-3"' of the B-ring of unit II bore a methoxyl and hydroxyl group, respectively. These findings were possible mainly due to the two key correlations observed in the HMBC spectra. Firstly, the correlation of methoxyl hydrogens at δH 3.84 and the peak at δC 161.2 permitted to assign C-4' of unit I. The singlet at δH 3.89 (4"'-OCH3), the peaks centered near δH 6.63 (H-6"'/H-2"'), the doublet at δH 6.95 (H-5"') correlating with the carbon at δC 149.2 (C-4"') corroborated with the proposed substitution on unit II. The correct position of the methoxyl group bearing the C-4"' was unequivocally attributed by the NOESY interaction of its hydrogens and H-5"'displayed as a doublet. The correlations observed in the NOESY and HMBC spectra also corroborated the unusual C-3→C-3" connection between the biflavanone moieties (Figure 2), permitting the identification of 1 as the new (2R*,3R*,2"R*,3"R*)-7-hydroxy-4'-methoxy-flavanone-(3→3")-3"',7"-dihydroxy-4"'-methoxy-flavanone.

  
    

    [image: Figure 2. Key HMBC and NOESY correlations]

  

  The structure of 2 (Figure 1) was established by HRESIMS, 1D and 1H NMR spectral analyses, as well as by comparison with literature data.7This finding is the second report of 4,2',4'-trihydroxychalcone-(3→O→4")-2"',4"',-dihydroxychalcone (2) as a natural product. This compound was isolated for first time from Luxemburgia octandra St. Hil (Ochnaceae), and it was previously named luxenchalcone.7The soluble-dichloromethane fraction of the MeOH extract from the leaves of S. brasiliensis yielded compounds 3-7, whose structures were also established from comparison of their spectroscopic data and optical rotation, with those reported in literature.8-10

  Both extracts showed acetylcholinesterase-inhibiting activities employing Marston's TLC colorimetric method based on the hydrolysis of naftil acetate.5 However, when the isolates were submitted to the Elmann's test employing acetyl and butyrylcholinesterase, only compounds 1 and 2 showed weak inhibition of these enzymes when compared with serine (Table 2). Despite the isolated biflavonoids present weak inhibitory activities, there are few examples in literature of this class of compounds showing AChE or BuChE activities.11

  
    

    [image: Table 2. IC50 values of acetyl and butyrilcholinesterase inhibition]

  

   

  Conclusions

  The present study of leaves and stems of Schinopsis brasiliensis to the isolation of biflavonoids (2R*,3R*,2"R*,3"R*)-7-hydroxy-4'-methoxy-flavanone-(3→3")-3"',7"-dihydroxy-4"'-methoxy-flavanone (1) and 4,2',4'-trihydroxychalcone-(3→O→4")-2"',4"',-dihydroxychalcone (2) which showed weak AchE and BuChE activities. The compounds isolated from leaves (3-7) are not active. This is the first occurence of these flavonoids in Anacardiaceae family and, besides, compound 1 presents an unusual linkage of the two flavonoid moieties.
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  Supplementary information is available free of charge at http://jbcs.sbq.org.br as PDF file.
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    4,2',4'-Trihydroxychalcone-(3→O→4")-2"',4"'-dihydroxychalcone (2)

    Yellow solid; 1H NMR (500 MHz, CO(CD3)2): δH 7.74 (H-2, d, J 2.0 Hz), 7.15 (H-5, d, 8.4 Hz), 7.65 (H-6, dd, J 2.0, 8.4 Hz), 6.38 (H-3', d, J 2.3 Hz), 6.43 (H-5', dd, J 2.3, 8.9 Hz), 8.11 (H-6', d, J 8.9 Hz), 7.86 (H-2", d, J 8.6 Hz), 7.02 (H-3", d, J 8.8 Hz), 7.02 (H-5", d, J 8.8 Hz), 7.86 (H-6", d, J 8.6 Hz), 6.35 (H-3"', d, J 2.3 Hz), 6.47 (H-5"', dd, J 2.3, 8.9 Hz), 8.13 (H-6"', d, J 8.9 Hz), 7.84 (H-α, d, J 13.2 Hz), 7.84 (H-β, d, J 13.2 Hz), 7.85 (H-α', d, J 13.2 Hz), 7.86 (H-β', d, J 13.2 Hz), 13.53 (HO-2', s)  and 13.56 (HO-2", s); 13C NMR (75 MHz, CO(CD3)2): δC 127.7 (C-1), 122.3 (C-2), 142.5 (C-3), 152.4 (C-4), 117.7 (C-5), 128.2 (C-6), 113.4 (C-1'), 166.7 (C-2'), 102.8 (C-3'), 165.2 (C-4'), 108.0 (C-5'), 132.5 (C-6'), 129.2 (C-2"), 130.6 (C-2"), 116.4 (C-3"), 160.4 (C-4"), 116.4 (C-5"), 130.6 (C-6"), 113.4 (C-1"'), 166.7 (C-2"'), 102.8 (C-3"'), 165.3 (C-4"'), 108.1 (C-5"'), 132.5 (C-6"'), 118.6 (C-α), 143.4 (C-β), 119.1 (C-α'), 143.4 (C-β'), 191.8 (C=O) and 191.8 (C=O); HRESIMS m/z [M – H]– 509.1228 (calc. for C30H22O8, 509.1236).
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lable 2. Mean values and standard deviations (n = 3) for the simultancous quantification of PP and FZ n three difterent brand formulations with HFLC,
DRIFT and UV methods. All the results are in mg per tablet

Label claim / mg per tablet HPLC / mg per tablet Multivariate method / mg per tablet
PP Pz »p vz Model / Brand PP Pz

1450 505 140985080 47.78=0.04 DRIFT/#1 144302032 47902036

Uv/# 141085007 47942045

138985135 46132364 DRIFT/#2 130872208 47182324

/£ 137802027 47712084

18715054 44972299 DRIFT/#3 160452156 45022413

UV /#3 157.47 + 135 43,96+ 4.66
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Table 3. Antibactenal activity of the compounds 4a-4j using Rirby-Bauer technique (zone of growth inhibition, mm)

Compound E. coli/ mm P. aeruginosa / mm S. aureus | mm B. subtilis / mm
da 10507 95+07 11507 95+07
ah NE® NE 9507 85207
fc NE NE NE NE

4d NE NE 85207 125207
fe 9507 NE NE 75=07
i NE NE NE 8001
1g 85207 NE NE NE

4h 120+14 NE 160=14 155207
4i NE NE NE NE

4 NE NE NE NE
Gentamicin (10 pg / disc) 19.6=1.1 15605 203=15 26017
Chloramphenicol (30 pg / disc) 207+15 NE 217x06 223212
DMSO NE NE NE NE

“Concentration of compounds 4a-4j: 20 mg mL-": *no effect.
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Table 1. Optimization of reaction conditions for the synthesis of thodanine-based amide 4b

eniry Catalyst/ mol% Solvent Temperature / °C time /h Yield'/ %
1 - THF 70 24 trace
2 SO, NPs/03 ¢ THF 70 2 trace
3 TiO,NPs /15 THF 70 2 trace
4 MgO NPs/15 THF 70 2 trace
5 T™MG/15 THF 70 2 trace
6 DABCO/ 15 THF 70 2 trace
7 SBA-15-DABCO/ 15 THF 70 2 20
8 DBU- Si0, NPs / 15 THF 70 2 30
9 TMG-Si0, NPs/ 15 THF 70 10 81
10 TMG-Si0, NPs /20 THF 70 10 80
1 TMG-Si0, NPs/ 10 THF 70 10 80
12 TMG-Si0,NPs /5 THF 70 2 30
13 TMG-Si0, NPs/ 10 CHCI, 40 2 35
14 TMG-Si0, NPs/ 10 EOH 80 2 -
15 TMG-Si0, NPs/ 10 HO 100 2 -
16 TMG-Si0, NPs/ 10 THF 40 2 45
17 TMG-Si0, NPs/ 10 THF 25 4 trace

*Yield refer to isolated products.
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gure $22. C NMR (125 MHz. CDCL) of (R)-2-hydroxy-2-(4-methoxyphenyl)acetonitrile 2.
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Scheme 2. Synthesis of rhodanine-based amide using TMG-SiO, NPs catalyzed Passerini reaction.
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gure $19. C NMR (125 MHz. CDCL,) of (S)-cyano(4-fluorophenyl)methyl acetate 3
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igure 1. Reusability of the catalyst. Reaction conditions: rhodanine-
N-acetic acid 1 (1.0 mmol), 4-chlorobenzaldehyde 2b (2.0 mmol) and
tert-butyl isoeyanide 3 (1.0 mmol) in THF (10.0 mL), TMG-SiO, NPs
(10 mol%. 0.20 g)., temperature (70 °C). reaction time (10 h).
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Table 2. TMG-510, NPs catalyzed synthesis of rhodanine-based amides® 3.

/

Oy __NHC—
o ‘ j: N\
N0 A
g T( OH TMG-SiO, NPs N
NN \ ®e  (10mol%) g\/ 0
J=0 + ArCHO + —C-N=C —— "> .
S / THF, reflux SN_g
1 2a-1 3 AY da-j
entry Product Ar time / h Yield®/ %
1 da CH, 20 70
2 b 4-CICH, 10 80
3 4c 4-BiCH, 19 68
4 4 4FCH, 8 82
5 de 4NO,CH, 3 85
6 4f 4-MeCH, 18 67
7 dg 2-CICH, 9 78
8 4h 2-NO,CH, 10 81
9 4 3-CICH, 2 74
10 4 3BICH, 2 71
11 FIN 4-OMeCH, 24 -
12 4 4-Me,NCH, 24 -

“Reaction conditions: rhodanine-N-acetic acid (1.0 mmol), aldehydes (2.0 mmol), and fert-butyl isocyanide (1.0 mmol) in THF (10.0 mL); TMG-SiO,
NPs (10 mol%): temperature (70 °C): byield refer to isolated products.
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igure S25. 'H NMR (500 MHz CDCL) of (R)-2-hydroxy-2-(3-phenoxyphenylacetonitrile 2f.
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Figure 8. Plots of reference versus predicted values for the calibration (circles) and validation (down triangles) samples. siPLS- DRIFT model for PP (a).
PZ (b). PLS-UV model for PP (c) and PZ (d).
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gure $10. 'H NMR (500 MHz. CDCL) of (S)-(E)-1-cyano-3-phenylallyl acetate 3a.
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gure S11. “C NMR (125 MHz. CDCL,) of (S)-(E)-1-cyano-3-phenylallyl acetate 3a.
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igure S8. 'H NMR (500 MHz, CDCL,) of (R)-(E)-2-hydroxy-4-phenylbut-3-enenitrile 2a.
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re $9. C NMR (125 MHz, CDCL,) of (R)-(E)-2-hydroxy-4-phenylbut-3-enenitrile 2a.
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igure S14. 'H NMR (500 MHz, CDCL) of (S)-(4-chlorophenyl)(cyano)methyl acetate 3b.
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re S12. 'H NMR (500 MHz CDCL) of (R)-2-(4-chloropheny!)-2-hydroxyacetonitrile 2b.
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Figure S25. Alignment active sites of MIMPDH model and Ba]MPDH
crystal structure. Green colour indicates MIIMPDH, pink sticks: XMP
from MAMPDH., blue: BaIMPDH, yellow sticks: XMP from BaIMPDH.
Residues in bold correspond to MAMPDH and residues in normal
correspond to BaIMPDH. Blue dashed lines indicate hydrogen bonds.
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lable 1. Identification of the superficial sediment sampling sites

Region Sampling site Geographical position Depth/m (m‘:::l“;m) Locality
TRI 5 03°03'02.6” W 060°15'24.0” 162 May/2013 )

1 TR2 S 03°03°04.7" W 060°15'23.9” 157 May/2013 Reserve Tupé
TR3 5 03°03'06.9” W 060°15°25.1” 078 May/2013
SRI 5 03°07'55.2” W 060°02°05.3” 731 Aug/2012
SR2 5.03°08°05.45” W 060°01°53.02” 3s 0cy2012 Sio Francisco basin
SR3 S 03°0801.55” W 060°01’58.30” 251 Nov/2012
MMI 5 03°08'34.88” W 060°01°20.30” 0.83 Aug/2012
MM2 S 03°08'35.5” W 060°01°21.4” 277 0cy2012 Manaus Moderna port
MM3 S 03°08'28.1” W 060°01°28.9” 211 Novi2012

2 PAI 1 Aug/2012
PA2 774 0cy2012 Panair port
PA3 S 03°0843.65” W 060°00'44.49” 2 Novi2012
IRI $03°09°36.2” W 060°02 10.8” 7.8 Aug/2012
R2 503°00°14.2” W 060° 02'59.8” 102 0cy2012 Iranduba
IR3 S 03°08'49.9” W 060°04' 10.8” 136 Novi2012
CEl S 03°08°06.7" W 030°56'17.4” 638 Aug/2012

3 CE2 S 03°08°08.15 W 050°56'16.04” 336 0cy2012 Ceasa port
CE3 5 03°08°04.0° W 059°56°11.2” 272 Nov/2012
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Table 3. Mannich-type amidoalkylation of naphthols and indoles with dithiocarbamates prepared from Markovnikov reaction

entry Arene Dithiocarbamate Product Yield/ %

1 81
2 620
3 70
s 70
5 85
6 RE

e X
7 N )\ N o 82
\ TN s L N 6d

Tsolated yield: "total yields of regioisomers (5b:SI
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Figure $24. ProSA analysis for the developed MIIMPDH model. Black
dot indicating the model with Z-score —9.77.
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Figure 1. Sampling sites of superficial sediment in Negro River: (1) Tupé Reserve (TR), (2) S&o Raimundo basin mouth (SR), Modern Manaus port (MM),
Panair port (PA) and Iranduba (IR). and (3) Ceasa port region (CE).
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Figure 2. Polycyclic aromatic hydrocarbon (total PAH) concentrations, priority PAH according to USEPA (%16 PAHs) and alkyl-substituted PAHS (alkylated
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Figure S2. " C NMR spectrum (75 MHz, CDCL) of 3i.
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Figure S26. Ligand interaction pattern for both compounds 3a and 5d. Pink lines indicate hydrogen bonds, red lines indicate cation-T interactions.





OPS/images/a17img03.png
Table 2. Physicochemical charactenzation of the superficial sediment
samples from the Negro River, Amazon, Brazil

Region S"g‘:‘“g Sand  Mud OC/% OM TN
TRI 0800 190 001 002 006
1 TR2 0850 150 001 001 006
TR3 0890 110 001 002 006
SRI 1750 8250 643 1106 043
SR2 0450 550 009 0I5 004
SR3 8870 1140 063 108 006
MMI 0740 260 011 018 006
MM2 9630 380 010 018 005
) MM3 0410 590 040 069 005

PAI 6230 3770 16l 277 017
PA2 4510 5490 362 623 036
PA3 0470 540 006 010 004
Rl 2600 7400 017 030 009
IR2 1220 8780 254 436 021
IR3 2070 7930 239 410 020
CEl 2050 7950 455 782 034
3 CE2 8430 1570 086 149 007
CE3 1700 8310 480 825 030
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Figure S1. "H NMR spectrum (300 MHz, CDCL) of 3i.
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jgure 1. Representative chromatograms of specificity study. Empty
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Table 3. Results from Snedecor’s F-test and Student’s t-test, with n =3 and confidence level (1 —a) =0.95

Wijs method X mid-IR

Wijs method % 'HNMR

oil Calculated Caleulated
F=si/s? t s t

Brazil nut 15 o1l 017
Brow flaxsced 169 203 . 085
Canola. 27 017 52 043
Corn 63 030 72 019
Cottonseed 94 028 51 012
Golden flaxseed 90 0.60 14 020
Rice 83 082 31 ol
Sesame 30 000 19 094
Sesame + toasted sesame 52 022 144 047

24 0.10 78 025

14 078 88 081

).05): t critical value = 2.78 (o = 0.05) 2%
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Scheme 1. A one-pot three-component synthesis of Markovnikov adducts.
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igure 2. Zero-order absorbance spectra (a) and first-order derivative
spectra (b) of empty liposome (dashed line) and PTX solution at
15.0 pg mL (solid line).
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Figure $23. Ramachandran plot for the MAMPDH model.
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lable 4. Analysis of vanance for adjusting of the built linear models
. Sum of Degrees of Mean Caleulated  F eritical value

Technique Source squares freedom (v) square (MS) - F=MS, /MS, (5%)
Regression 8265 5 1653

Mid-IR 09974 384 505
Residual 213 5 43
Regression 8289 4 2072

HNMR 09978 61 453
Residual 179 6 30
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lable 2. Markovnikov addition reaction of dithiocarbamates to N-vinylpyrrolidone

R o PEG-200 N s
NH 4 CS; 4 >
R e rt. )J\ R
s N
\
4 R
entry Amine Product Yield* / %
s \N&O
4a
1 NN, \/\N/\S)\ 3

O
4 Q F/\N A
5 Q NH
6 NH
~
7
~_NH

8 { NH

' GN "

61

88

85

Tsolated yield.
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Figure $22. Structural alignment of the developed MIMPDH model over
the template BaIMPDH.
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fable 1. Markovnikov addition reaction of dithiocarbamates to vinyl ethers

PN s -
o ecse ()= A L)
O

NRR' O
rt
3
eniry Amine Product Yield*/ %
S
1 ~ " NH, /\/\Nks/\ A~ 84
H 3a
S
2 /A/NHZ MNXS/\O/\ 2 93
H
S
= NH,
3 SN, Ao “
Z H 3c
S
. <\ T NH ~ H/\ 5 05
\ o

5 N ﬁ 3e 30
S
6 \ NS o 88
~_NH J 3f
i /L
7 O NH /\Nks o 2 61
o
S
\
8 C NH Oks/\o/\ 3n o
S
0 GNH (N )ks/\o/\ 3 8
J
_/
i /L
10 CNH N~ 87 o7 N3 kel
L

‘Isolated yield.
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lable 3. Recovery tests of 1 X in the presence of components of liposomes analyzed by HPLC and DS-UV methods

Analytical method Amount added / (g mL) u:';”;l';‘ I"(’:;d ) Recovery / % RSD/ %
120 11772001 08.00-08.12 001
HPLC 150 15272003 101.64-101.98 017
180 1769 £0.02 98.20-98302 006
120 12052016 98.97-101.55 131
DS-UV. 150 15112006 100.34-101.17 039
180 18232016 100.33-102.05 086
“Mean of three determinations: SD: standard deviation: RSD: relative standard deviation.
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lable 4. Effects of the vanation of analytical parameters in the 1A content

Mean concentration® = SD /

Analytical method Effect* (ng mL) Mean recovery / % RSD/ %
1 1514007 10091 048
HPLC
2 1553017 103.79 107
1 15332016 10048 072
DS-UV
2 15.180.16 10117 102

“For the HPLC method, the acetonitrile concentration was estimated at 5% (1) and 53% (2) in the mobile phase. For the DS-UV method, the methanol
supplier, Proquimios (1) and Isofar (2), was evaluated; mean of six determinations; SD: standard deviation: RSD: relative standard deviati
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3TSB NIPLISAGMDTVTEADMAIAMARQGGLGIIHKNMSIEQQAEQVDKVKRSESGVISDPFFLTPEHQVY DAEHLMGKY
e T
Query RTSGLPVVD~~DDGALVGI T TNRDMRFEVDOSKQVAEVMTKAPLI TAOEGVSASAALGLLRRNKT EKLPVVDGRGR
3TSB RISGVPVVNNLDERKLVGIITNRDMRFIQDYSIKISDVMTKEQLITAPVGTTLSEAEKILOKYKIEKLPLVDNNGY
% S Wi il srar i) ot Vivsash asliss, e v il s, Jovoecs oolkaes, ol weiigieh peovz Domoach, sl e isnstia
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L e e e e |
Query yGDRVEVVGGNVATRSAAAALVDAGADAVKVGVGPGSICTTRVVAGVGAPOI TATLEAVAACRPAGVPVIADGGLO
3TSB Y-PSLNITAGNVATAEATRALIEAGANVVKVGIGPGSICTTRVVAGVGVPOLTAVYDCATEARKHGIPVIADGGTK
R e e e e e ey
Query ySGDTARALAAGASTAMLGSLLAGTAEAPGELIFVNGKQYKSYRGMGSLGAMRGRGGATSY SKDRY FADDALSEDK
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R N e e e e e L
Query LVPEGIEGRVPFRGPLSSVIHOLTGGLRAAMGY TGSPTIEVLOO~AOFVRITPAGLKESHPEDVAMTVEAPNYYAR
37T5B LVPEGIEGRVPYKGPLADTVHOLVGGLRAGMGYCGAODLEFLRENAQFTRMSGAGLLESHPHEVQT TKEAPNY 5

Figure S21. Sequence

lignment of MAMPDH over BaIMPDH using sequence alignment window of Prime of Sl

inger.?





OPS/images/a06img04.png
fable 1. Overview of the lineanty data, LOD, and LOQ obtained for FIA by HPLL and DS-UV methods

Regression parameter HPLC DS-UV.
Slope = standard deviation 10495 =255 9.6x10%202x 10*
Intercept  standard deviation 805224116 55x 104232 x 10+
Correlation cocfficient (r) 09983 09991
Concentration range / (g mL") 624 624
Normality (R.,.,)* 0.9835 (0.9437) 0.9826 (0.9569)
Homoscedasticity (Tossor)® 0.5707 (0.5720) 05117 (0.6702)
Regression (F, ) 23368.60 (4.54) 13740.24 (4.30)
Linearity (F_,,.,)* 032(3.36) 1.91(299)
LOD / (ug mL") 06334 0.9969

LOQ/ (ug mL") 21113 33220

‘Ryan-Joiner test: "Levene test: ‘Fisher test: “ordinary least squares method.
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lable 2. Intra-day and inter-day determination of the precision of D5-UV and HPLL methods for FIA quantification

RSD/%
Mean concentration = SD / (g mL")
Analytical method Intra-day*
Inter-day”
Day | Day2 Day 1 Day2
HPLC 15142007 1535+0.18 048 118 115
DS-UV 1523 £0.11 1510+ 0.08 071 055 061

sMean of six determinations; "mean of twelve determinations: SD: standard devi:

: RSD: relative standard deviation.
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lable 2. Enzymatic resolution of (+)-cyanohydnns (Za-f) wi

vinyl acetate in toluene catalyzed by CALB under microwave radiation (30 °C, 200 W)

OH CALB OH

/K vinyl acetate
—_—
. PN

CN Toluene, MW R CN
2af (R)-2a-f (S)-3a-f

Microwave radiation

entry R time /h /% eepl % ac E

X
1 ©/\/ 2 52 7 s nd

2
P
2 /©/ 5 5330 9% s 48
Cl
2
P
3 /©/ 4 5065)¢ 92 s 70
F
2
P
4 /©/ 5 17 59 s nd
HO
2
.
5 /©/ 3 5670 9% s a1
H3CO
2

o S
6 ©/ \©/ 6 50 83y 84 s 30

2f

“Conversion: ¢ = e, / (e, + e¢,);” ‘CG-FID = ee, / (ee, + e¢);"* °E = Infee,(1 — ce,) / (e, + ee)] / Infee,(1 + ee,) / (e, + ee,)];" “isolated yields after
chromatographic column purification: (65 °C. 200 W). ac: Absolute configuration: nd: not determined.
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Figure S18. "C NMR spectrum (75 MHz, DMSO-d,) of compound 5i.
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Table 3. Results from figures of merit for the PLS models. (%) for SEN and y; (%) for v, LOD and LOQ

y Sample set SEL SEN/ G v % 1'% LOD/% LOQ/ %
cl A 0039 2752 % 10° 884512 0001 0.0034 00113
B 0068 2349 x 10+ 2556 x 10° 3911 x 10+ 0.0012 00039

:C1 determined by intensity: *CI determined by area deconvolution.
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Figure S17. “C NMR spectrum (75 MHz, DMSO-d.) of compound Sg.
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Figure 6. Regression coefficients from PLS models for the cellulose
crystallinity (a) determined by method A; (b) determined by method B
and (c) spectra pretreated by the second derivative.
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e TMSCN f:‘ Ac0 OAc
RTH 12h, . RTTCN  py.24h R7OCN
R = PhCHCH (1a) 2 (82%) 3a(86%)
R = p-Cl-Ph (1b) 2b (81%) 3b(85%)
R = p-F-Ph (1¢) 2¢(61%) 3¢ (82%)
R = p-OH-Ph (1b) 2 (86%) 3d(70%)
R = p-MeO-Ph (1¢) 2e (45%) e (86%)
R = 3-PhO-Ph (1f) 26 (95%) 31 (71%)
R =Et(Ig) 2 (70%) 3g(86%)

Scheme 1. Syntheses of ()-cyanohydrins 2a-g and the corresponding
acetates 3a-g.
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Table 2. Todine value predicted by mid-IR and by "H NMR, and iodine value by Wijs method

oil Wils method / (g 100 ) mid-IR/(g 100 g") HNMR/ (g 100 g")
Brazil nut 97039 96710 96.1£66
Brow flaxsced 176913 1788£0.1 1760£0.7
Canola. 112736 1132£22 116£05
Comn 118,135 118914 118613
Cottonseed 1210£43 1201%14 120618
Golden flaxseed 187.1£27 1859409 1877432
ice 104123 1055+08 103913
Sesame 114022 114038 115816
Sesame + toasted sesame 1105438 11321 1121404
Soybean 130462 130940 1315407
Sunflower 130.0£4.7 126640 1273£05
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Iable 1. Enzymatic kinetic resolution of (+)-cyanohydrins (2a-g) using vinyl acetate as acylating agent in toluene, catalyzed by CALB under orbital

shaking (32 °C, 130 rpm)

OH CALB OH

)\ vinyl acetate /'\ +

R CN Toluene R CN

2a-g (R)-2a-g (S)-3a-g
Orbital shaking
eniry R time /h 1% el % B
N
1 @N 24 5739 87 2
2
S
2 24 55 % nd
Cl
2
S
3 /©/ 24 55 97 >200
F
2
o
4 48 3 2 nd
HO
2
5
5 /©/ 24 56 % nd
HCO
2
O. Fo
6 ©/ \©/ 24 47 2 nd
o
7 o 48 18 2 nd
2
“Conversion: ¢ = ec, / (ee, + ee):**CG-FID = ee, / (ee, + ee):**E = In[ee,(1 - ee)/ (e¢, + ee )}/ In[ee,(1 + ee) / (ee, + ee )" “isolated yields after colum

chromatography.

Absolute configuration:
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Figure S19. "C NMR spectrum (75 MHz. DMSO-d.) of compound 5j.
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Table 1. B constant values, with the respective related variables, for multivariate calibration obtained from mid-IR spectra and from 'H NMR spectra

Mid-IR

Variable 1 T Tt Tygpmt

B B.=3347 B.=2788 B,=-261.6 B,=-2265
'HNMR

Variable 1 [ [

B ,=-2380 B B,=-04335

T: Transmittance intensity value at the wavenumber indicated in the subindesx; I: integration of the signal at the chemical shift indicated in the subindex;

a constant value related to variable indicated in the subindex.
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lable 2. In witro release charactenstics, cumulative and difterential release parameters of MLA formulations in (0.1 mol L™ HCI (pH 1.2) and phosphate
buffer (pH 6.8)

P . pH of dissolution Product
medium R Free MLX Fl F2 F3
K 12 439205 380=.04 0,050 +0.001 006+001 6502
68 0.09:+0.002 79006 0.11£0.003 0.12320.066 0.072+0.001
type / min 12 6342007 7170+ 08 113223 1282038 207206
68 7122004 15622.1 6172018 659£357 950210
Order 12 Higuchi Higuchi First First Higuchi
68 First Higuchi First First First
D,/ % 12 2521 202235 31223 3722410 270229
68 6L1=41 50951 633222 626243 516232
D,/ % 12 412215 429212 429221 45422 28=14
68 994223 1034£2.1 101234 1065=4.1 96234
AUCC/ min% 12 4731923091 4500.82197.1 482825210 49326=1920 4424222050
68 1130621561 0576429760  102246=1307 11136325004 079932422
PH / (% released) 12 77209 75x12 138202 145514 700213
68 20212 136209 229251 262202 180+34
PT/min 12 3000 3000 26+05 23205 2605
68 3000 3000 2605 2000 2605
AUDC/ minf% 12 3067199 31632282 23052356 14752457 28842117
68 67252456 101151054 8345247 8054229 10202% 64.1

“Significantly different from R at p < 0.05. Values are presented as the arithmetic mean (SD): n = 3. K: release rate constant;
ssolved at 10 min; D,.;: % drug dissolved at 120
fferential curve. Units for K are (mg min-"2) for Higuchi and (mi

half life; D, % drug
AUCC: area under cumulative curve; PH: peak height; PT: peak time: and AUDC: area under
for first order.
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Figure 7. Effect of MCM 41 on the dissolution rate of MLX determined
by the USP method in (a) 0.1 mol L~ HCI (pH 1.2) and (b) phosphae
buffer (pH 6.8) at 37 °C.
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Figure 2. Key 'H-'H COSY and HMBC (H —s C) correlations of compounds 1-3.
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lable 3. Pharmacokinetic parameters of MLA after a single oral dose

administration to 6 healthy male rabbits

Parameter R Free MLX R
Coudl / (ug mL) 61%12 091203 S58=14
Cou2/ (ng mL) 54208 - 50216
T.l/h 43:11 43206 39205
T.2/h 6605 - 65206
AUC, ./ (ugh mL™) 20541 9918  412:42
AUC, ../ (ng hmL™) 469+34 119517 45553
tu/h 76£05 87226 69206
MRT 75£07 17216 6813
CUF/ (L ') 0322004 126202 0322008
VA /L 24204 076224 26207

Values are presented as the arithmetic mean (SD). Significantly different
from R at p < 0.05: "significantly different from F2 and R at p < 0.05.
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Figure S2. "H NMR spectrum (700 MHz, CD.OD) of 1.
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gure 8. Mean MLX plasma concentration-time profiles after a
single oral administration of free MLX, reference product (Mobic®
BochringerIngelheim Intemational GmbH Ingelheim am Rhein, Germany)
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Figure S1. HR-FABMS spectrum of 1.
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Chromatographic Analysis
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e S1. GC-FID chiral chromatograms. (a) Standard of ()-(E)-2-hydroxy-4-phenylbut-3-cnenitrile 2a; (b) standard of (+)-(E)- I-cyano-3-phenylallyl
acetate 3a; (c) kinetic resolution of ()-2-hydroxy-2-(3-phenoxyphenyDacetonitrile 2a by CALB after 2 h of reaction under microwave radiation:
(d) derivatization of the unreacted alcohol (R)-2a to the corresponding (R)-acetate 3a. Analysis conditions: T, = 140 °C (3 min), T, = 200°C, r=2°C min',
33.00 min. Chiral column CP-7502 Chiralsil-Dex (B-cyclodextrin 25 m x 0.25 mm x 0.39 um).
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Figure §. Nitrogen adsorption/desorption isotherms (a) and lincar BET
plot (b) at —196 °C on MCM-41 and F2.
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OR®

1)
R® R*

R'=0-OH, R? = 0-OH, R® = CHg, R* = CHg, R® = B-D-Glc
5R' = 0-OH, R2 = -OH, R® = CHg, R* = CH,0H, R® = p-D-Glc
6R' Hg, R*=CH3, R®=H
7R Hg, R* = CH,0H, RS = H
8R'=H, R?= ¢-OH, R®= CH,0H, R* = CH3, R® = B-D-Glc
9R'=a-OH, R? = B-OH, R® = COOH, R* = CH,, R® = p-D-Glc
10 R' = H, R? = B-OH, R® = CH3, R* = CH3, R® = B-D-Glc
11 R' = 0-OH, R? = B-OH, R® = CH3, R* = CH,0H, R® = B-D-Glc

1R" = a-OH, R2 = CHy, R3=CH,
2R'= ¢-OH, R? = CHg, R® = CH,OH
3R'=BOH, RZ= COOH, R3=CH;

12R'=H,R2= p-OH, R* =H 14 15
13R" = 0-OH, R? = 0-OH, R® = B-D-Glc

.oure 1. Structures of compounds 1-15 isolated from Firmiana simplex.
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Figure $2. GC-FID chromatograms. () Standard of (+)-2-(4-chlorophenyl)-2-hydroxyacetonitrile 2b; (b) standard of ()-(4-chlorophenyl)(cyano)
methyl acetate 3b; (c) kinetic resolution of (+)-2-(4-chlorophenyl)-2-hydroxyacetonitrile 2b by CALB after 5 h of reaction under microwave radiation:
(d) derivatization of the unreacted (R)-alcohol 2b to the corresponding (R)-acetate 3b. Analysis conditions: T, = 100°C, T,= 160°C (11 min), r=7°C min’",
.57 min. Chiral column CP-7502 Chiralsil-Dex (B-cyclodextrin 25 m x 0.25 mm x 0.39 um).
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Table 3. Optical rotations of the cyanohydrins Za-g and acetates Ja-g obtained by kinetic resolution using CALB
Compound [0 Experimental [oJ} Literature.

(R-2a [03/-11.0 (c 0.012, CHCL,, 91% ee) [0J5-28.1 (c 0.12, C.H,, 87% ee)*
(R)-2b [a]3-2.6 (¢ 0.016, CHCI,, >99% ce,) [0J3-24.2 (c 0.12, CH,, T3% ee )
(R-2¢ [a]3 +21.4 (c 0.21, CHCL, 88% ee,) [03+23.5 (c 0.26, CHCL,, 71% ee)™*
(R12d nd N

(R)-2¢ [0]2+0.020 (¢ 0.005, CHCL, 73% ee,) [0J+9.8 (c 1.22, CHCL,, 19% ee)"*
(R}26 [0]2+0.020 (¢ 0.005, CHCL, 73% ee,) [03+12.9 (c 1.0, CHCL,, 78% e
(R)-2g nd .

($)-3a [031+3741 (¢ 0015, CHCL,, 79% ee,) [0J3+14.4 (0011, CHCL,, > 9% ee)”
($)-3b [03+3.90 (¢ 0.011, CHCL, 90% ce,) [0]2+6.90 (c 0.80, CHCL, 65.5% ee,)"
(8)-3¢ [a]3-6.7 (c0.012, CHCL,, 92% ee,) [0J-1.98 (¢ 1.01, CHCI,, 82% ec,)"
($)-3d nd N

(5)-3¢ [a]3~0.08 (¢ 0.015, CHCI,, 0% ec,) [ 3.1 (¢ 1.10, CH,CL,, 71% ee,)
($)-3¢ [ ~0.08 (c 0.015, CHCI,, 84% ec,) [0]2-7.02 (c 0.01, CHCI,, 99% ee)"*
(5)-3g nd .

~d- Not determined
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oure 6. FTIR spectra: of MCM-41. MLX. physical mixture, and F2.
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Table 2.”CNMR data in CD,0D for compounds 1-3 (6 in ppm)

Position 1 2 3

1 426 420 485
2 673 67.3 9.2
3 80.2 784 843
4 395 23 499
5 49.7 39 576
6 194 192 215
7 341 337 343
8 415 411 412
9 483 481 480
10 39.5 389 307
1 249 248 250
12 1207 1292 120.6
13 1398 1395 130.7
14 429 426 429
15 298 205 207
16 263 266 266
17 493 493 492
18 550 549 55.0
19 738 734 737
20 430 29 28
21 273 272 271
2 385 381 383
23 294 714 249
24 226 178 180.7
25 172 175 155
26 17.8 177 176
27 249 248 246
28 1787 1787 1786
29 247 215 212
30 167 16.6 167
r 959 05.8 958
2 736 738 738
3 783 782 782
g 711 71.0 710
5 779 719 7
6 69.6 69.4 9.7
I 10458 1047 1047
2" 752 752 752
3" 783 8.1 782
4" 716 716 715
5" 78.1 780 780
6" 62.8 62.8 62.8
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re. 1. Effect of recyclability of the biocatalyst under microwave

radiation (200 W, 300 rpm). Experiments were conducted in tolucne
(10 mL). 2a (0.3 mmol) and CALB (160 mg).






OPS/images/a10img07.png
Tablel. Surtace area, total pore volume, and average pore radis of
MCM-41 and F2

Sample Sur/ (g V./(mLg?) /nm
MCM-41 1640 2103 2674
F2 1030 1.139 2212
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lable 1.°H NMR data in CD,0D for compounds 1-3 (0 in ppm (/1n Hz))

Position 1 2 3
160m 129m  163m 134m  205m 093 m
395m 391 m 409m

338m 363d(20) 291d(9.0)
128m 1.58m 1.05m
146m 140m  142m, 137m 179m
159m 134m  165m 13Ilm  153m 140m
187m 1.90m 172m
10 - - -
11 205m,19m  207m,202m  207m20lm
12 533t(35) 5341(35) 533t(3.5)
13 - - -
14 - - -
15 184m, 1.04m  184m 103m  184m 1.05m

16 2641d (13.0,45), 2.641d (13.0,40), 263d(13.0,3.0),
164m 1.66 m 1.66 m

17 - - -
18 254 brs 256 brs 254brs

19 - - -

20 140m 140m 139m

21 177m128m  176m 128m  176m 127m
179m 164m  181m 162m  180m 1.63m

101s 3564 (11.0), 1455
341m

24 089s 081's -

25 1025 1055 0985
26 079 080 081s
27 1365 1375 1355
28 - - -

29 1225 1235 1225
30 0.95d(7.0) 0964 (6.5) 0.95d (7.0)
r 531d(8.0) 531d(80) 532d (8.0)
z 336m 335m 334m
3 342m 342m 344m
g 344m 344m 344m
5 3s2m 352m 352m

6 4.17.dd (12.0,2.0), 4.13dd (12.0,2.0), 4.13m,
378dd (120,50) 3.78dd (120,50) 3.78dd (12.0,5.0)

I 437d(8.0) 4.37d8.0) 437d(8.0)
2" 323dd(9.0,80) 323dd(9.0,80)  323t(@85)
3" 338m 338m 338m
4" 332m 33lm 332m
5" 326m 327m 326m

6" 3.87dd (12.0,2.0), 3.87dd (12.0,2.0), 3.87 dd (12.0,2.0),
3.69dd (12.0,50) 3.69dd (12.0,5.0) 3.70dd (12.0,5.0)

V0N eWN -
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re S5. GC-FID chromatograms. (a) Standard of (2)-2-hydroxy-2-(4-methoxyphenylacetonitrile 2e; (b) standard of (+)-cyano-(4-methoxyphenyl)
methyl acetate 3¢; (c) kinetic resolution of (+)2-hydroxy-2-(4-methoxyphenyDacetonitrile 2¢ by CALB after 3 h of reaction under microwave radiation:

(d) derivatization of the unreacted (R)-alcohol 2 to the corresponding (R)-acetate 3e. Analysis conditions: T, = 100 °C (2 min)/150 °C (2 min),
T.= 170 °C (2 min), r = 3 °C min", t. = 33.33 min. Chiral column CP-7502 Chiralsil-Dex (B-cyclodextrin 25 m x 0.25 mm x 0.39 um).
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Figure $6. GC-FID chromatograms. (a) Standard of (£)-2-hydroxy-2-(3-phenoxyphenyDacetonitrile 2f; (b) standard of ()-cyano-(3-phenoxypheny)
methyl acetate 3f; (c) kinetic resolution of (+)-2-hydroxy-2-(3-phenoxyphenyDacetonirile 2f by CALB after 6 h of reaction under microwave radiation:
(d) derivatization of the unreacted (R)-alcohol 2f to the corresponding (R)-acetate 3f. Analysis conditions: T, = 160 °C (3 min)/180°C (5 min). r=3°C min",
T =200°C (15 min), r = 5 °C min"’, t, = 33.67 min. Chiral column CP-7502 Chiralsil-Dex (B-cyclodextrin 25 m x 0.25 mm x 0.39 um).






OPS/images/a07img08.png
204Y(x100,000)

Chvomeiderom T SR e 50|
a) it
10] O)&
3
00t
h
10;
Time 151/ en. ~750)
203p) o
0o A
T — =
10000)
G T 22350 e T5000)
)
2] J@’t
3
00
- - -
o
" Tie 5507 e 09356
254d) e @
D/\:N
-
00
25 B3 3 100 s 10 7S 200 5 mn
Figure $3. GC-FID chromatograms. (a) Standard of 4-fluorobenzaldehyde 2c: (b) standard of ()-2-(4-fluorophenyl)-2-hydroxyacetonitrile 2: (c) standard

of (2)-cyano (4-fluorophenyDmethyl acetate 3c; (d) kinetic resolution of ()-2-(4-fluorophenyl

under microwave radiation. Analysis conditions:
(B-cyclodextrin 25 m x 0.25 mm x 0.39 um).

hydroxyacetonitrile 2¢ by CALB after 4 h of reaction
120°C, r=3°C min®, T, = 185 °C (3 min). t, = 24.67 min. Chiral column CP-7502 Chiralsil-Dex
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Figure $4. GC-FID chromatograms. (a) Standard of (+)-2-hydroxy-2-(4-hydroxyphenyl)acetonitrile 2d; (b) standard of (2)-cyano-(4-hydroxyphenyDmethyl
acetate 3ds (¢ kinetie resolution of (2)-2-hydroxy-2-(4-hydroxyphenyacetonitrile 2d by CALB after 5 hof raction under microwave radiation. Analysis
T =100°C, T = 180°C (11 min), i iralsil-Dex (B-cyclodextrin 25 m x 0.25 mm x 0.39 pm).
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oure 2. TGA of pure MCM-41 and F2.
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lable 4. Companisons between FAH values (ng g™ of dry weight) detected in Brazihan nivers and those of rivers of other parts of the world

Location Anthropic activity PAHs/(ng ) Reference
Negro River, Amazon, Brazil Urban areas, port region and conserved area 561187 (16) “This study.
Arc River, Southeast France Urban and industrial arcas 151-1257 (17 )
Iguagu River basin, Parand, Brazil Urban and industrial arcas 1311713 (168 40
Daliao River, China Urban and industrial arcas 103-342018) 4
Rivers, swamps and dams, Southeast Brazil Proximity of national parks 424430 (137 45
Reservoir, Paraiba do Sul River, Brazil Urban and industrial arcas 49555586 (16)* “
Paraiba do Sul River, Southeast Brazil Urban and industrial arcas 511340773 (167 5
Guando River, Rio de Janciro, Brazil 158156 (16)*

Ashley River, South Carolina, USA Urban and industrial arcas 3950-2790 (24)* 41
Cooper River, South Carolina, USA 1460-1840 24

“Number of PAHs analyzed.
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Figure S4. "C NMR spectrum (75 MHz. CDCL) of 31.
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Table 3. PAH concentrations (ng g™ of dry weight) in superficial sediments of the Negro Kiver, Amazon, Brazil

e N B e Dime Tame T TN Dime T T M Dime T Ve Dimet . Met- o
Nap  Nap  Nap  Nap DBT _DBT Phe  Phe Fio  Fuwo i

TRI 91 w23 55 32 nd nd  nd  nd nd  nd nd nd nd nd nd 25 nd nd nd nd

I TR2 nd  nd nd N4 nd  nd  nd  nd  nd nd nd nd nd nd nd ndnd nd nd nd nd

TR3 65 nd  nd  Nd  nd  nd  nd nd nd nd nd  nd  nd  nd  nd nd nd nd nd nd

SRI 1692 348 643 1657 663 184 175 8.1 1966 nd A1 95 IS5 599 8602 222 1986 4268 1091 669 237

SR2 164 nd 22 36 72 22 nd 34 55 nd nd 52 115 153 nd ond 64 56 26 84

SR3 1788 137 497 575 138 93 84 31 S0 45 42 97 76 12 1254 79 267 635 1700 97 151

MMI 195 nd 41 84 251 22 nd 4 77 nd  nd  nd 83 UL 242 nd 54 133 161 61 184

MM2 196 nd 15 Nd 22 28 nd 16 31 nd  nd  nd 74 99 12 nd nd a4 309 55 276

E o, MM3 o2 47 75 065 37 28 21 195 456 wd  oad 28 17 6 1M 28 19 580 182 133 23

& PAl 492 68 174 289 844 58 3161 359 ad  ad 27 253 689 1152 31 194 503 247 142 32

PA2 137 16 278 192 34 32 198 47 nd 18 L8 232 839 IS4 35 198 500 36 163 348

PA3 137 42 63 202 579 nd  nd 69 133 nd nd nd 105 B3 56 16 127 326 73 a1 144

BRI nd nd nd nd  nd nd nd nd nd nd nd nd 28 59 S8 nd nd 19 28 nd nd

R2 31 nd  nd nd  nd 53 nd nd nd nd nd nd 27 48 64 nd ond 2 39 nd 61

RS 2 o nd nd nd nd  nd  nd  nd  nd  nd 36 44 nd nd 22 34 nd 53

CEI 692 503 988 2047 3015 168 87 346 533 nd 39 39 883 2616 3341 16 735 1049 28 304 76

3 B w1 W 2 65 292 9w o1 2001 nd nd  nd 87 273 541 nd 39 274 134 71 164

CE3 283 38 53 13 784 19 24 189 445 nd  nd 2 167 619 1034 28 22 523 163 122 21

site MU Gy M DI b BE B BKF BeP  BaP BePhe Per P DBA BbChy BehP Cor o EAR e T

Py Chry  Chry Cvith Pe)_ (without Per) alkylated

TRI o nd  nd  nd  nd nd nd nd nd nd nd nd nd  nd nd nd nd 226 26 ol 135

I TR2 nd  nd  nd  nd nd  nd  nd  nd nd nd nd nd nd nd nd ndnd nd nd nd nd

TR3 nd  nd  nd  nd  nd  nd  nd  nd  nd  nd  nd  nd  nd  nd  nd  nd  nd 65 65 65 nd

SRI 894 135 1686 1681 243 265 121 136 1076 59 28 745 606 162 46 1129 478 53483 52738 ns 3700

SR2 36 56 55 36 21 nd  nd nd 53 43 nd 1 34 LI nd 44 13 1455 1384 564 04

SR3 444 1136 720 337 75 542 208 253 1421 1681 43 681 1408 386 245 1333 262 25285 24605 1354 854

MMI 57 145 77 33 13 49 22 24 113 147 nd 79 102 32 19 93 13 3074 2005 133 132

MM2 56 196 89 Al 103 56 31 33 10 21 nd 74 168 43 23 16 2 2803 mo 152 517

£ MM3 17 166 249 259 64 27 18 2 129 42 nad 10176 1946 659 85 2135 545 2834 12658 601 528

& 7 e ome ms a8 24 w4 56 32 34 B 1S w907 89 57 14 264 11 984 e =W
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Figure S3. 'H NMR spectrum (300 MHz, CDCL) of 31.
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‘Diagnostics ratios found in the literature and in this work

PAH source Sampling site

Reference  Petrogenic ~ Pyrogenic G:“:“ C“‘[""“‘;"“““ R2 SRI SR2 SR3 MMIMM2MM3 PAl PA2 PA3 CEI CE2 CE3
LMW/HMW 15 >100 <100 - ~ 092 049 062 026 026 0.17 0.09 047 022 056 080 029 0.10
FIU(FIL + Py) 16 <040 - >050 040050 039 031 040 053 0.47 053 0.41 043 048 034 036 0.45 042
InP/(InP + BehiP) 16 <020 020050  >050 ~ 038 035 043 051 052 051 048 042 046 047 0.42 043 043
CONCO + CIFIVPY 16 <050 - >050 - 100 080 079 088 0.86 091 0.74 077 073 074 050 0.72 072
Par/(Par + Alkyl) 33 <030 - >050 ~ 084023 044 053 046 070 023 029 022 021 0.16 034 024
‘G.w.c. = grass, wood and coal combustion.
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Figure S11. °C NMR spectrum (175 MHz, CD.OD) of 2.
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Figure S10. "H NMR spectrum (700 MHz, CD.OD) of 2.
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Figure S13. 'H-"H COSY spectrum of 2.
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Figure S7. HMBC spectrum of 1.
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Figure S6. HMOC spectrum of 1.
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Table 1. Antiproliferative efiects of the investigated compounds on two cell lines and chromatographic retention data
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Acronyms for functional groups: Me for methyl, Et for ethyl, -Bu for tert-butyl, Ph for phenyl, MeO for metoxy, CN for cyano, NO, for nitro, C1 for chloro, and Br for bromo.
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Figure 1. General formula of investigated 3-(4-substituted benzyl)-S-
phenylhydantoins. R, denotes cither ethyl (for compounds 1-7) or phenyl
(for compounds 8-13) group: for R, see Table 1.
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Figure S8. NOESY spectrum of 1.
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Figure S1. Jupati biodiesel chromatogram for determination of the mono-, di- and triglycerides.





OPS/images/a04img15.png
mvolts

Minutes.

Figure S2. Jupati biodiesel chromatogram for determination of the ester content. Original files in the “.wrt” format are available under request from authors.
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Figure 6. Response surface and contour plots for (a) the ester content;
(b) the viscosity: and (c) the yield vs. the temperature and the molar ratio.
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Table 5. Model vahdation results

Condition Result
Experiment Ester/ % Viscosity / (mm ) Yield / %
X, X, X,
a b c a b c a b c
1 37 80 1017 995 9962 012 41 40 25 921 93l LIl
2 38 80 1105 988 9884  0.04 12 39 7 910 927 183

X,: Catalyst concentration (%); X, reaction temperature (°C): X,: molar ratio of alcohol to ol

(equations 2-4): c: relative errors (%).

a: obtained values; b: predicted values by the models
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Table 1. Analytical data of the Cu”, Co”, and Ni” complexes

Elemental analysis calculated (found) / %

Complex. < o N S - e (BM) M'g,"::'::ﬂ';.’;y !
CH,NO, 1) 6045(6040)  546(538)  2169(L60)  1239(1220) - - -
[CuCHNO)CL]  4797G784)  434(429)  1721(7.18) 083078  976(9.70) 194 24
[CoCHNOJCL]  4831(4825)  437(428)  1734(1726) 99008  9.12(9.08) 495 38
NCHNO)CL]  4833(4820)  437(428) 173401725  990(9.83)  9.08(9.01) 31 63

BM: Bohr Magneton.
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Figure S2. TGA for F1 and F3.
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Figure S4. DEPT spectrum of 1.
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lable 2. IK spectral data of Co”, Cu™ and Ni"complexes

Compound VIN-H) VC=N) v(C=0)  vM-N)
CHN0,L) 3336 1625 1630 -
[Cu(C,H,N,0,)CL] 3342 1610 1635 446
[Co(CHN,0,)CL] 3343 160 160 433
[Ni(C,H,,N,0,)CL] 336 1613 1635 457
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Figure S1. FTIR (KBr) spectra for F1 and F3.
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Figure S3. "C NMR spectrum (175 MHz, CD.OD) of 1.
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Scheme 1. Synthesis of macrocyclic Schiff base ligand (L).
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Table 3. Mass spectral data of the macrocyclic metal complexes

Complex Molecular weight _Molecul
CH.NO, (L) 51655 ™M)
[Cu(C,H,N,0,)CL] 651 M= 650
[Co(C,,H,N,0,)CL] 647 M+ H] =648

[Ni(C,,H,,N,0,)CL] 646 M+ HJ = 647
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Table 51. Calculated parameters of equation 1: intercept (R,,), slope (S)
and coefficient of determination (<) for mobile phase methanol-water

Compound RS s °
1 32300 39435 099519
2 31442 3859 099138
3 27644 3.5079 096865
4 49260 58076 098996
5 41322 49649 098604
6 43032 5.1470 097473
7 38303 48694 099305
8 38513 45542 085395
9 41122 48634 090555
10 32430 3.9979 088405
1 43182 49498 091945
12 47313 53656 090849
13 59710 65134 095304
14 52168 58810 091962

15 47547 57114 095079
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Figure 6. Comparison between the VIP scores for siPLS model and the
DRIFT spectra of PP (a) and PZ (b).
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igure 5. (a) DRIFT spectra of 27 samples of mixtures of PP and PZ;
(b) UV absorption spectra of 49 samples of mixtures of PP and PZ in
methanol:acetonitrile (50:50, v/v).
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lable 1. Parameters estimated for validating the developed siIFLS-DRIF1 and PLS-UV methods

Value
Figure of merit Parameter DRIFT uv
PP PZ PP PZ
Trueness RMSEC 035 0.17+ 0.05° 007
RMSEP 065 043 0.07° 0.08°
Mean relative error 1.01% 142% 0.52% 1.41%
Precision RSD,_ sy 0.32% 0.69% 0.65% 051%
RSD iy e 0.32% 1.19% 0.63% 0.56%
Linearity Slopes 1.00 094 0.99 098
Intercept® 0.01 039 0.08 004
r 0.996 0.999 0.999 0.992
Range 14.60-45.00 5.60-17.00° 9.10-15.20° 3.00-5.00°
Selectivity 23.6% 16.8% 823% 243%
033 024 1611 234
Anal. sens. (1) 1435 1043 2876° a7
r 0.007+ 001 4x10% 2x10™
Bias ~0.192+ 0,082 0.0031° 0.0015°
SDV 05134 0.1302+ 0.0728° 0.0806°
RPD Calibration 74 45 396 9.6
Validation 85 47 209 69

‘mg per 100.00 mg; "ug mL"; “values for the lines fitted to the calibration samples; “values expressed as the ratio between units of absorbance and
(meg per 100.00 mg); “(me per 100 mg)'; (ue mL)"'.
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Figure 7. Comparison between the VIP scores for PLS model and the

UV spectra of PP (a) and PZ (b).
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Figure 2. Antibacterial activity of macroeyclic ligand and its metal
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Figure 1. Chemical structures of praziquantel (a) and pyrantel pamoate (b).
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Figure 4. UV absorption spectra of pure PZ (4.0 pg mL") and PP
(12.1 pg mL") in methanol:acetonitrile (50:50, v/v).
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Figure S2. Mass spectrum (ESI) of ligand L (C,,H..N,O,).





OPS/images/a05img11.png
Electrospray ionisatioin-mMs WATERS-Q-Tof Premier-HAB213
HAD 12 (0.268) AM (Cen.4. 100 00. Ar.8500.0,666.28,1.00.LS 10); Sm (SG. 2x5.00); b (10.1.00 )
100 ol

236.0671

108 0706
187 1230
o ) oL " 5001267 6253507 g6, 4107
100 200 600 700

Figure S3. Mass spectrum (ESI) of complex [Cu(C..H,.N.O,)CL].
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Table S1. Invitro antibactenal activity (MIC, pg mL") of the compounds

Bacterial species / (g mL")

Compound

E.coli B subtilis P aeruginosa S. aureus

igand(L) 13 95 62 80
[Cu(L)CL] 12 64 13 2
[Co(L)CL] 1 13 09 21
[Ni(L)CL,] o7 04 11 08
Copper(Il) 80 64 67 88
Cobalt(IT) 98 72 80 75
Nickel(II) 69 04 86 91

Amikacin 05 04 05 04
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gure 4. (a) Score plots and (b) loading plots of PCA for centered and standardized X, (15 x 13) data set.
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lable 52. In vitro antifungal activity (MIC, pg mL") of the compounds

Fungal species / (ug mL")
Compound

C.albicans _Fusarium sp. Trichosporon sp. A. flavus
Ligand(L) 85 04 55 7
[Cu(L)CL] 18 61 16 2
[CoL)CL] 14 1 12 16
[Ni(L)CL] 09 06 14 1
Copper(ll) 92 86 65 85
Cobalt(Il) 7 89 9% 75
Nickel(l) 89 97 84 81
Nystatin 05 04 05 04
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lable 2. Percentage of data varance described by consecutive principal
components

Principal component  Total variance / % Cumulative / %
1 46.8761 46,8761
2 17.0023 638784
3 13.7018 775802
4 68014 843816
5 46113 88.9920
6 41213 93.1142
7 25618 95,6760
8 1.9072 97.5832
9 13278 989110
10 0.6628 99.5738
1 03755 99.9493
12 0.0443 99.9936

13 0.0064 100.0000
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Figure S14. HMOC spectrum of 2.
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Figure S4. Mass spectrum (ESI) of complex [Co(C. H..N.0,)CL].
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Figure S5. 'H NMR spectrum (300 MHz, DMSO-d,) of ligand C, H_N.O, (L).
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TH NMR spectrum (400 MHz, CDCL) of 4h.
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Figure 7. Representative photographs of antimicrobial activities of PVA-
HA membranes appearance of microbial inhibition zones formed against
seeded Staphylococcus aureus, Candida albicans and E.coli.
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fable 1. Effect of various HA contents in FVA membranes composition on their antimicrobial activity

Antimicrobial actvity of PVA-HA disc membranes Antimicrobial actvity of PVA-HA disc membrane without ampicillin-loaded; inhibition
with ampicillin-loadeds inhibition zone diameter / cm zone diameter / cm
A E coli S"""ﬂ”ﬂi‘:‘u‘:‘“" S"‘":‘: i‘:‘m“‘"‘“ E. coli p‘f::;‘:gf; Enterobacter sp. f,’;’"f‘x
Gram () Gram () Gram () Gram () Gram () Gram () fungi
o ) 10 10 0 o 10 10
0 0 I 07 07 146 0 146
10 08 13 07 07 0 0 146
20 0 13 07 07 0 o 15
30 0 14 0 0 0 0 14
w0 0 15 0 0 0 0 13
50 0 13 0 0 0 0 10
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Figure 4. Graph constructed using the concentration values of RCO in
diesel as the x axis and the relative change in the fluorescence area of
cach blend with respect to the fluorescence area of the diesel (5 parameter)
as the y axis.
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Figure S35. Mass spectrum of 4h.
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Table 1. Extraction efficiency (%) of diferent extraction solvents
evaluated for the extraction of the target analytes*

Extraction efficiency / %
Compound
1-Octanol _1-Undecanol _ Toluene _1-Dodecanol
o-MNT “ 2 68 27
m-MNT 38 18 66 24
p-MNT 34 1 64 19
“Extraction conditions: extraction solvent volumes: 20.0 L (1-octanol),

10.0 pL (1-undecanol). 14.0 uL (toluene), 12.0 pL (1-dodecanol):
concentration of analytes: 100 pg L.
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lable 1. Integrated spectral areas of diesel and mixtures of RCO and
esel, as well as the relative changes in fluorescence arca of cach blend
with respect to the fluorescence area of the diesel (5 parameter)

Residual oil in diesel Spectral area 8/%
0 2612226 0

2 2584787 1.05
6 2531517 3.0
8 252566.6 331

15 2473032 529
20 2368365 934
25 233117.9 10.76
30 2221392 14.96
35 2127573 18.55
10 2098145 19.68
45 2043193 2178
50 2008182 2312
55 193699.7 2585
60 188878.5 27.69
65 1795005 3128
70 1750809 3208
75 166975.9 36.08
80 1631362 3755
85 157585.5 39.67
90 150066.8 4255
95 137899.9 47121

100 135082.3 4829
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Figure S34. "C NMR spectrum (100 MHz, CDCL,) of 4h.
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igure 1. Schematic representation of the proposed method (a) sample
solution in the home-designed emulsification glass vial without salt
addition; (b) simultancous injection and dispersion of 14.0 L toluene
into sample; (c) addition of a few L of doubly distilled water into the
vial and (d) collection of toluene transferred into the capillary tube at the
top of the vial (about 6 uL).
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Figure $30. "C NMR spectrum (100 MHz, CDCL) of 4g.
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Figure 5. Effect of HA content on protein adsorption onto the surface of
PVA-HA hydrogel membranes.
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gure S31. 'H NMR (500 MHz, CDCL) of 1-cyanopropyl acetate 3g.
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Figure $29. "H NMR spectrum (400 MHz, CDCL) of 4g.
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zure 4. Weight loss of the PVA-HA hydrogel membranes versus
different degrading times in PBS (0.1 mol L, pH 7.4, at 37 °C), with
presence of different ratios of HA in PVA membranes.
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igure 2. Spectrum of mixtures of RCO in diesel excited with violet
LED and emission from 350-700 nm at intervals of 0.38 nm obiained in
a Quimis model Q-798FIL spectrofluorimeter.
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Figure S32. IR spectrum (KBr) of 4g.
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Figure S31. Mass spectrum of 4g.
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Figure 6. In vitro cells viability assay against different hyaluronic acid
contents in PVA hydrogel membranes.
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Figure $26. "C NMR spectrum (100 MHz. CDCL,) of 4f.
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Figure S25. "H NMR spectrum (400 MHz, CDCL) of 4f.
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Figure S28. IR spectrum (KBr) of 4f.
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Figure S27. Mass spectrum of 4f.
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Table 6. Validation parameters found for the determination of RCO in BS

Validation parameter Value found
(of the analytical curve)

Number of points 14

Degrees of freedom (DOF) 12

Residual sum of squares (RSS) 5.35008

Residual standard deviation (RSD)/ % 067

Limit of detection (LODY/ % 4

Limit of quantification (LOQ) / % 14

Sensibility (slope) 05

*RSD = RSS / DOF : *LOI

3RSD / slope: LOQ = 10RSD / slope.





OPS/images/a13img51.png
100

Transmittance [%]
60 70 8 o

2}0 ?
v

T R
i 8 E A1 ; i

Figure S44. IR spectrum (KBr) of 4j.





OPS/images/a21img11.png
A

. @

s 7 %
time / min

ire §1. GC-FID chromatograms of the analytes in river water, before spiking (a) and after spiking with 2.0 ug L (b) using proposed method combined

with GC-FID under optimum conditions.






OPS/images/a13img50.png
File data\mass spectrumBarzegar Sheida\tt 0.0
Operator AR

Boquired 15 0t 2014 11:01  using Acqethod 93 men new.M
Instrument : NSO

Sample Name: 4 §

wise Info

Vial Nomber:

Aundinca A 21570790 S0

o. o
9 e
‘coacon

s

730 _41asayry 4639 S0 sera 289

Figure S43. Mass spectrum of 4j.
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3. Determination of MNT's compounds in tap, well, nver and sea water and relative recovery of MIN1s compounds in them

Concentration of 0, m and

Added 0, m and p-MNTs /

Found o, m and p-MNTs /

Relative recovery / %

Sample p-MNTs/(ugL") +SD,n=3 (ugL") (ugL")«SD,n=3
o m ) o m » o m ) o m »
20 20 20 191=01 190202 188201 055 95 o4
Tap water® nd* ndt nd* 50 50 50 49:04 48:04 48203 08 9% 9%
100 100 100 99:07 9708 08=07 9 97 9%
20 20 20 185202 175202 180202 925 875 9%
Well water®  ndt ndt nd* 50 50 50 4703 45204 46203 04 %0 92
100 100 100 95:06 9308 04=05 05 3] o
20 20 20 184202 170202 175202 92 85 875
River water'  ndt ndt nd* 50 50 50 4703 44204 45:04 04 88 9%
100 100 100 95:07 9008 92:07 05 %0 92
20 20 20 175202 165202 167202 .5 85 835
Sea water! nd ondond 50 50 50 4504 43205 44205 90 86 88
100 100 100 92507 9010 0109 92 %0 91

“Water was taken from Tonekabon Branch, Islamic Azad University (Tonekabon, Iran); *water was collected from well in Tonekabon (Tonekabon, Iran);

-sample was collected from Langrud River (Gilan, Iran): “sample was collected from the Caspian Sea (Sari, Iran): not detected.
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Scheme 2. Reaction conditions: (i) DMAP, CH,CL, 0-25 °C. 3.5 h: (ii) K,CO.. DMF. 25 °C. 8 h.
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Iable 1. Expeniments using soluble Cp,Zr(1,1n homogeneous conditions

Productivity /

enry  AVZe time/min  PE/g oY 7/ pmol
1 500 30 098 980 2
2 500 10 085 2562 2
3 50 10 1.60 2400 4
4 1000 10 267 8019 2
5 5000 10 140 2094 4

: T: 60 °C; ethylene pressure (Pr,): 4 bar; 1 mL of
Cp,Z:Cl, solution ([M] = 2 or 4 pmol mL"); MAO and toluene (total
volume: 30 mL).
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Figure 1. Different routes (a) and (b) for obtaining heterogencous
catalysts.
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Figure 1. (a) Schematic of the working electrode; (b) schematic of
the equipment used for PTFE membrane-LPME and in situ DPASV;
(c) designed assembly for robust microextraction and in siu voltammeric
procedure.
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Table 4. Comparison of the proposed method with other extraction methods for the determnation of MIN1s compounds in water samples

Method RSD/% Dynami linear range /- Limit of detection/ g - o time / min Reference
(gl (ngL™)

DLLME-GC-FID <94 1.0-1000 05 <3 19

SPME-GC-MS <36 20-1000 003 15 5

SDME-GC-MS <113 20-1000 008011 15 6

HLLE-GC-FID <132 05-500 009-0.10 <3 20

USAEME-GC-FID <65 05500 03 A few seconds This work
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‘Student’s I-test for paired data: d, = —0.94, s = 2.10, S_ = 0.58,
(. =—1.62438. 1,, = 2179, where d is the difference between each pair,
d. is the mean of the differences, s is the standard deviation, S, is the
standard error of the differences, and t _ =d /..
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Figure S41. "H NMR spectrum (400 MHz, CDCL) of 4j.
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lable J. Relative standard deviation for MN1s compounds at three
ifferent concentration levels by using the proposed method

Relative standard deviation (RSD%), n =4

Analyte
50pgL! 100pg L 100pg Lt

o-MNT 86 72 51

m-MNT 101 01 63

p-MNT 73 6.6 47
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Table 3. External validation by application of Student's #-test for paired
data of kerosene in diesel
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“Student’s t-test for paired data: d_ = 007, s = 1.27. S_ = 035,
(., =-0.19434, 1, =-2.179, where d is the difference between each pa,
d.,is the mean of the differences, s is the standard deviation, S,,is the
standard error of the differences, and t_ =d_/S. .
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Figure $40. IR spectrum (KBr) of 4i.
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Table 2. Quantitative results of USAEME and GC-FID method for MINTs compounds

Linear range /

Analyte i LOD/(ugL’y  LOQ/(ugL'y P ER/ % R
o-MNT 0.5-500 03 10 132 68 09983
m-MNT 0.5-500 03 10 1009 66 09978
p-MNT 0.5-500 03 10 1066 64 09972

“LOD: limit of detection for /N = 3; *LOQ: limit of quantification for S/N = 10; preconcentration factor at the concentration analytes of 100 pg L
dextraction recovery: “coefficient of determination.
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Figure 8. Graph constructed using the concentration values of RCO in
the BS biodiesel-diesel blend as the x axis and the relative change in the
fluorescence arca of each blend with respeet to the fluorescence arca of
the BS biodiesel-diesel blend (3 parameter) as the y axis
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lable 3. Validation parameters found for the determination of adulterants in diesel

Validation parameters RCO in diesel Kerosene in diesel Turpentine in diesel
Number of points 1 24 21
Degrees of freedom (DOF) 9 2 19
Residual sum of squares (RSS) 244154 145146 242346
Residual standard deviation (RSD)* / % 052 081 L2

imit of detection (LOD)"/ % 3 4 5

imit of quantification (LOQ)*/ % 1 12 15
Sensibility (slope) 05 06 07
*RSD = +/RSS / DOF : *LOD = 3RSD / slope: <LOQ = 10RSD / slope.
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Figure S42. "C NMR spectrum (100 MHz. CDCL) of 4j.
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Table 2. External vahdation by application of the Student's f-test for

paired data of RCO in diesel
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“Student’s rtest for paired data: d, = 03, s = 2.88, S_ = 091,
1., = 0336738, 1,, = ~2.262, where d is the difference between cach
pair, d,,is the mean of the differences, s is the standard deviation, S, s
the standard error of the differences, and t_ =d /S
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Figure S37. 'H NMR spectrum (400 MHz, CDCL) of 4i.
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Figure 2. Effect of extracting solvent volume on the preconcentration
factor. Conditions: sample solution: 10 mL of 100 g L of the analytes:
lution temperature: 25 = 3 °C; dispersion time: 30 ; centrifugation
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Figure 5. Graph constructed excluding anomalous samples using the
concentration values of RCO in diesel as the x axis and the relative change
in the fluorescence area of cach blend with respect to the fluorescence
area of the diesel (5 parameter) as the y axis.
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Figure $36. IR spectrum (KBr) of 4h.
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igure 7. Graph constructed using the concentration values of turpentine
in dicsel as the x axis and the relative change in the fluorescence area of
each blend with respect to the fluorescence area of the diesel (3 parameter)
as the y axis.
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Figure S39. Mass spectrum of 4i.
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Figure 4. Effect of ultrasound time on the extraction efficiency.
Conditions: sample solution: 10 mL of 100 pg L of the analytes: volume
of organic phase: 14.0 pL; solution temperature: 25  3°C: dispersion time:

0. 15, 30, 60, 90, 150 and 180 s: centrifugation time: 10

in.
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Figure 6. Graph constructed using the concentration values of kerosene
diesel as the x axis and the relative change in the fluorescence area of
each blend with respect to the fluorescence area of the diesel (3 parameter)
as the y axis.
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Figure S3. 'H NMR spectrum (60 MHz. DMSO-d.) of compound 3b.
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lable 2. Volatile compounds tentatively identified in the headspace of 25 Moscatel sparkling wines using A5-SPME-1D-GCMS and HS-SPME-GUXGCS

TOFMS (chromatographic conditions are described

the chromatographic analyses session)

Area® /% LTPRIDB-5 __ LTPRIDB-WAX
No. Compound: CAS number 't /min % /s Similarity | o T - TUTPRI LTPRI LTPRI LTPRI
(exp) (exp) (it)
Acid
1 butanoic acid 107926 8517 286 916 . 048 795 780% -
p  Smethy ""“'“:i‘d;‘id fisowalerie 503742 10033 200 901 . 015 845 sagE - -
3 hexanoic acid® 142:62-1 16100 386 912 201 520 1007 10137 1860 1861
4 heptanoic acid 616626 18200 311 882 . 014 1055 1058% - -
5 2-cthyl-hexanoic acid 149575 21700 384 920 005 025 1132 122" 1962 19500
6  24-hexadienoic acid [sorbic acid]  110-44-1 23283 476 954 377 5100 1046 10450 - -
7 octanoic acid* 124072 25550 421 890 1046 908 1199 1192% 2076 2076°
8 nonanoic acid* 112050 28467 410 894 010 003 1281 1270% - -
9 decanoic acid 334485 33250 442 930 6.60 796 1391 1386% 2286 2282
10 dodecanoic acid 112378 40367 441 840 010 003 1569 156" -
‘Alcohol
1 3-methyl-1-butanol 123513 7467 272 902 162 876 750 7400 1212 1213%
12 2-methyl--butanol 137326 7583 278 830 017 061 764 T4ge - -
13 I-pentanol 2019-23-5 8283 269 789 . oo 787 M - -
14 23-butanediol 513859 8517 326 03 045 301 705 786 Is48 15427
15 I-pentanol, 4-methyl- 626891 9917 299 708 . 001 840 83 - -
16 Z-3-hexenol 028061 10500 333 047 028 013 859 849 - -
17 I-hexanol* 111273 10850 328 884 014 068 812 870" 1358 1358
18 2-heptanol 6033234 11900 322 842 005 004 905 %01 - -
19 I-heptanol 11706 14700 362 855 004 002 9713 966" - -
20 I-octen-3-of 3301-86-4 14933 364 905 . 005 979 079" - -
21 2-(2-cthoxyethoxy) etanol [carbitol] 111900 16333 472 753 . ool 1012 10070 - -
2 2-ethyl-1-hexanol 104767 17150 375 944 013 107 1031 1028% 1496 14929
3 benzyl alcohol 100516 17500 560 891 ‘ 002 1039 1031 - -
4 I-octanol 11875 19017 391 94 010 000 1073 1068" 1564 15647
25 2-nonanol 628999 20417 379 895 . 017 1104 1098" - -
2% 2-phenylethyl alcohol* 60-128 21117 606 954 33 363 1171070 1919 19228
7 I-nonanol 143088 23683 405 925 . 001 1174 116" - -
2 I-decanol 112301 28233 414 Ol . 002 1276 1260% - -
2 2-undecanol 1653-30-1 20400 401 862 . 002 1302 1301 - -
30 I-dodecanol* 112538 36750 430 914 009 003 1476 1473 1974 1969°
31 I-tridecanol 112709 40717 435 912 - 002 1578 1569% - -
Ester
n oW 2":’;':".:";"'::‘:;”" [yl 9761 sos0 258 88 . 034 780  765° - -
2-methylpropyl acetate [isobutyl
33 v "'“’;’mm] lisobutyl 410100 8283 267  s8s . 005 787 788% - -
34 ethyl butanoate 105544 8867 288 950 012 170 807 804" 1055 10477
35 “h"'z""""’;cy::}:‘"“"‘ el o763 0217 316 0w 005 352 818 813 1350 1353
36 ethyl 2-butenoate 10544635 10033 336 907 . 001 845 8MY - -
bl 3metylboanoae eyl o0 005 10067 302 874 . 018 853 &s® - -
isovalerate]*
38 }"“hy'b“z::']‘_" lioamyl 13000 11317 34 788 o1 003 887 8800 1124 1125°
39 propyl butanoate. 105668 11783 320 8IS . <001 902 899" - -
40 ethyl pentanoate 530822 11900 332 880 . 001 905 %01t - -
41 ‘methyl hexanoate 106707 12717 351 910 . 004 025 o - -
2 ethyl hexanoate 123660 15750 384 751 258 437 999 008" 1236 1236"
3 Z:3-hexenyl acetate 3681718 16100 397 808 003 <001 1007 1002% - -
44 hexyl acetate® 142927 16333 378 863 007 022 1012 1009% 1276 1275%
45 ethyl 2-hexenoate 1552676 17733 424 033 . 002 1044 1046 - -
46 ethyl 2-furoate. 614993 18200 554 960 004 046 1055 10477 - -
47 ethyl 2-hydroxy-4-methyl-pentanoate 10348-47-7 18433 408 863 . 003 1060 1054 - -
48 diethyl propancdioate 105-533 19017 512 885 . <001 1073 1068% - -
49 ‘methyl benzoate 03583 20067 560 808 . <001 1007 1000% - -
50 propyl hexanoate 626777 20067 391 926 . 001 1007 1001 - -
5y cthyl2dhexadienoate fethyl sorbate] yagc 0y 1 0300 476 031 10.20 062 1102 1089 - -
52 ethyl heptanoate 106-309 20183 392 906 . 003 1009 1008 - -
53 °f";’{.';'.'.°.."$.’..','?‘s':§§.‘:$'f 627736 20767 532 829 . <001 1112 1160 - -
54 heptyl acetate 112:06-1 20883 393 805 . <001 1114 14 - -
55 ‘methyl octanoate 1115 21467 400 939 005 018 1127 127 1301 1391%
56 2-methylpropyl hexanoate  16397-75-4 22.633 386 784 . <001 1152 1497 - -
57 ethyl benzoate 03800 23567 564 933 . 002 nm o um - -
58 diethyl botanedioate [diethyl 13y 551 54033 531 901 506 235 182 176" 1685 1687%
succinate]*
50 Zdiethyl-2-butenedioate 623916 24267 476 721 . <001 1187 0T - -
60 methyl 2-hydroxy-benzoate  119-36-8 24733 591 923 . 002 1197 1195¢ - -
61 ethyl octanoate® 106321 24733 410 912 336 T30 197 19T 1439 1436°
62 octyl acetate 103-003 25316 301 850 014 005 1210 12017 - -
63 ethyl bezencacetate® 101973 26950 605 952 016 085 1247 1246 1791 1796
64 S-methylbutyl hexanoate [isoamyl 500 61 o 27183 400 926 0.05 005 1252 12547 - -
hexanoate]
65 2-phenylethyl acetate 103457 27417 605 934 057 132 1257 154 1822 18ISY
66 diethyl hydroxybutanedioate  626-119 28000 577 881 013 033 1270 1260° - -
61 diethyl pentadioate 818382 28583 520 018 . 002 1283 12817 - -
68 propyl octanoate 624135 20050 400 786 009 <001 1202 1282% - -
6 ethyl nonanoate 123205 20167 411 909 010 002 1207 12047 1539 15357
70 methyl decanoate 110429 30450 418 874 010 002 136 13250 - -
gl ethyl benzenepropanoate 2021285 31500 599 926 . 001 13s1 1355 - -
7 ethyl-4-decenoate 76649166 32083 486 772 . 011 1382 1388™ 1685 16877
&) ethyl 9-decenoate 67233914 33033 440 833 096 014 1388 1380 1695 168"
74 ethyl decanoate® 110-383 33483 423 890 2550 040 1397 13950 1643 1645
75 ester - 34883 507 776 . 006 1431 of - -
76 2-pheny ethyl butanoate 103-526 35350 596 9IS 005 002 1442 14307 - -
77 Fmethylbuiloctanoateisoamyl - y35.906 35583 413 om 031 004 1448 14507 1661 16557
octanoate]
73 cthyl 3-phenylprop 2-enoate [ethyl 103 366 36400 658 000 . 001 1468  1460"  — -
cinnamate]
7 propyl decanoate 30673-60-0 37.530 301 740 005 <001 1493 1404 — -
80 ‘methyl dodecanoate 11820 38617 431 765 . <001 1523 1547 - -
81 ethyl dodecanoate® 106-332 41300 428 896 043 003 1503 1504 1849 18507
82 }"‘“‘"""m" lsoamyl 306014 43167 426 827 0.01 <001 1644 1687 -
83 ‘methyl tetradecanoate 124-107 46083 443 879 . 001 1726 1722 - -
84 ethyl tetradecanoate 124-06-1 48417 440 874 . 001 1792 1795 - -
85 ethyl hexadecanoate 628077 54950 454 856 - 002 1995 199" - -
Terpene
86 Z'M“h"ﬁrﬁnﬁ“::]'-’m‘d"“‘ 123353 15400 336 801 . 001 991 990% - -
I-isopropyl-4-methyl-1,3-
87 mlnmm [urm{pim] 99865 16567 361 766 . 001 1018 1018" - -
88 ‘“:y':'k’,:’tilm";"nﬁ:':]" D sososas 1703 370 0w . 025 1028 1020% - -
1,33-trimethyl-2-oxabicyclo[2.2.2]
80 octane 470826 17267 391 017 . 003 1033 1030% - -
feucalyptol]*
w0 = 37"",";‘;’;:;'15’”‘;"‘"“" 96987 17383 365 756 . ool 1036 1037 - -
o1 5'3'7*’"[“;;’;;'11‘;“‘“‘"“ 3338554 17967 365 909 . 002 1049 1050" - -
902 C;c::m;:'[“_:‘:g"'m‘;] 99854 18433 388 820 . 001 1060 1059" - -
Z-5-cthenyl-S-methyloxolan-2-y1]
93 propan-2-ol [Zlinalool oxide] 34995772 10133 411 900 013 046 1076 1072 1446 1453%
(furanoid)
o '““;‘::&:‘:ﬂ“:g‘;‘:‘i:"ﬂ:}““ 586629 10717 404 882 010 003 1089 1088" - -
2-(5-cthenyl-5-methyloxolan-2-y1)
95 propan-2-ol [E-linalool oxide]  5989-33-3 10833 425 Ol 010 022 1091 1086" - -
(furanoid)
9% 2‘““"‘“‘{:;3;“]'_“’““””" 78706 20300 408 917 047 066 1102 10987 1556  1555%
g7 OB 3‘7""""'1“[3';;::6”“““'3' 20057-43-5 20533 438 893 0.58 127 1107 1104% 1619 1620°
tetrahydro-4-methyl-2-(2-
98 methylpropeny)-2H-pyran [Zrose  876-18-6 20767 416 864 . 01l 112 108 - -
oxide]
1,3 3-trimethylbicyclof2.2.1]heptan-
% zi”'z"hgu Theptan- 20217 21000 448 859 . 001 117 1116 - -
100 z'm"""ﬁ'ﬁm’ﬁ“”‘“' 543305 21233 431 92 ol0 006 12 120 - -
101 ‘L”""::ﬁzlmx;’d‘:]'ﬂy” 16409431 21700 431 801 . 001 132 1St - -
102 ‘L‘“"'“”I{Lli'l'i‘;:’z:oﬁ"*"“"' 586823 21933 448 817 . 001 1137 1147% - -
103 “'645;';‘“ﬂ{'[‘;’v:ﬁli‘]“’“' 18881044 21150 301 750 004 <001 1141 13T - -
104 3,7-dimethyloct-6-cn-1-al [citronellal] 106230 22283 476 795 ‘ 001 1144 115 - -
105 yky;;"h:‘:':.:i‘;“[’;'ﬂp%mu 138874 22400 463 833 . <001 1147 11447 - -
106 "7‘7'“‘"';"’{1':";’;".2&;3]“]"""‘"' 464482 22400 542 016 . 001 1147 11460 - -
107 % 2’“"[";‘:'3:2:%'7"““'2"" 5086-38.0 22750 443 871 005 008 1154 1155% - -
4-methyl-2-(2-methylprop-1-enyl
108 mdn‘gd.‘:zﬂrpy:g..mm?me}] 1786080 22867 455 012 064 138 1IST1IS8Y 1472 14647
109 el Tuimethylbieyelo@2D) sy g65 2053 455 823 B <001 1150 1160" - -
heptan-2-ol [isoborneol]
110 C;ﬁ’;ﬂ"‘:ﬂ“‘;lg‘;‘;’;ﬁiﬁ] 5048049 23100 520 765 . <001 1167 1186% - -
1 yk;l‘::';"f";‘l"[’;:r;iol] 138874 23333 445 888 . 012 1167 1163 - -
12 p-mentha-1.5-dien 1686200 23450 507 735 005 0003 1169 11650 - -
endo-1.7.T-trimethylbicyclo[2.2.1]
13 heptan-2-ol 124765 23450 491 783 . 001 1160 1169" - -
[borneol]
14 Z'Lt’sﬁ}ﬁf’[;:ﬁiﬂg? 4000117 23567 494 888 003 02 172 1165 - -
115 535::'::’22::"‘[':2";::'1") 80781 23567 361 793 . 008 1712 uTt - -
116 ""‘“""Ll;::‘:l;";:’; lebyD- 129071 23500 444 863 . 001 177 nssr - -
17 2"’“"'“”'[;;""‘::;';’]'""""‘"‘* 23283978 23800 489 840 . 003 177 s - -
I-methyl-4-isopropyl-1-cyclohexen-
18 Y “m‘e";ypimﬁ 562743 23017 475 716 . 010 170 uI - -
119 1197019 24383 551 895 . <001 1180 18 - -
120 2"*":&3@::;‘;’:6}"”’ 10482361 24617 497 836 7.16 445 1191 188Y 1700 1700%
2,6,6-Trimethyl-1-cyclohexen-1- .
L dehode oeyelocima 25T 25900 545 840 . 001 123 27 - -
122 (ZZ”""““'“[”;"':I']{’ octadien-l-ol 100052 26250 463 901 006 001 1231 12200 1773 1771%
123 347"'";:*‘33:;‘[’]‘“' ol yiere 26250 437 031 006 001 1231 125" 1807 18047
124 ;;:mﬁi"[':z:i] 6485401 26950 580 846 . <001 1247 1243 - -
125 Z'M”“h";":nzi:ﬁ“"’d'"*“' 106252 27417 471 905 . 015 1257 1252 - -
37-dimethyl-1 6-octadien-3-yl
126 acctate linaloalacetate] - V15957 27883 402 789 006 005 1268 1257% - -
127 37-dimethyl-1.26-octadinal [citral] 539240-5 28.117 5.18 75 . <001 1273 12670 - -
128 2.6-dimethyl-17-octadiene-36-diol 51276-33-6 28350 534 760 . <001 1278 1247 - -
129 """“"’[;Z:;'I":;'y"'j&‘r""““‘ 40267729 28817 413 808 014 02 1289 12077 - -
130 3“"*‘““"[‘;"';‘:‘;‘3;"‘““ w©d 450803 32200 479 46 . 002 1367 1355 - -
131 6"M‘m[;‘::znjfc'ifz‘;”"'z”” 3796701 35817 496 881 008 001 1453 1453 - -
132 dfdi’ ;"I;;"}“:[’;’r";ﬁi“&] 7212444 30083 450 863 . <001 1535 131 - -
133 EJ"’;LQTE‘E}%;E““ 142-507 40250 467 907 . 001 1566 1561 - -
2-{E-48-dimethyl-2.34.5.67-
134 hexahydro-1H-naphthalen-2y1] 1200718 42933 563 825 . <001 1638 1632 - -
propan-2-ol [eudesmol]
135 ”ﬁzﬁ;z‘;imﬁﬂ?ﬂ:‘g" 24851987 43633 623 736 005 <001 1660 1656" - -
Aldehyde
136 furfural 98011 0017 424 962 010 022 841 836 - -
137 benzaldehyde 100-527 14233 538 921 . 001 962 960" - -
138 benzencacetaldeyde 12278-1 17850 600 917 . 002 1047 1045 - -
139 (2,2)-36-nonadienal 21044832 20183 441 768 . 008 1009 1100% - -
140 decanal 112312 25200 424 844 001 001 1207 12018 - -
141 p-menth-1-en-9-al 20548149 25783 531 887 . 004 1220 127 - -
142 undecanal 112447 20633 433 97 . <001 1307 1306 - -
143 dodecanal 112549 33950 439 898 - <001 1408 1308% - -
Lactone
144 butyrolactone. 06480 12717 657 926 . 002 925 os= - -
145 ‘caprolactone 605067 18433 674 797 . <001 1060 1064% - -
146 Yoctalactone 104507 27650 675 908 . 002 1262 1262% - -
147 -nonalactone 104610 32200 665 894 . 004 1367 1361" - -
148 ‘decalactone 706149 36517 659 889 . 002 1471 14760 - -
149 8-decalactone 705862 37800 008 760 - <001 1502 1493 - -
Ketone
150 2-heptanone. 110430 11550 348 906 . 005 895 82" - -
151 6-methyl-S-hepten-2-one 110930 15283 416 878 . 001 088 085" - -
152 226-rimethyl-cyclohexanone  2408-37-0 17383 441 800 . <001 1036 1036 - -
153 Acetophenone 08862 18783 608 004 . 001 1068 1065 - -
154 2-nonanone 81556 10950 412 916 . 014 1004 1090" - -
155 2-undecanone 112-129 20050 433 816 . 001 1204 12047 - -
156 dihydro-S-pentyl-23H)-furanone  104-610 32200 665 888 . 013 1367 13650 - -
157 S-hexyldihydro-23H)-furanone__ 706-149 36517 658 918 : 002 1471 14760 - -
Norisoprenoid
158 f;‘iﬂ?mﬁ":f’ﬂ.spﬁl] 65416593 28200 301 750 012 <001 1280 1279% - -
E-1-26.6-Trimethyl-1.3-
159 cyclohexadien-1-yl)-2-buten-l-one 23726934 33017 558 885 009 015 1386 1384 - -
[B-damascenone]*
Phenol
160 Phenol 108952 15283 478 8719 . 001 988 oo8%  — -
161 4-ethyl-phenol 123079 23683 546 910 ‘ 002 174 1168% - -
162 decthyl2-methoxy-phenol  2785-80-0 28467 594 880 . 001 1281 1283% - -
163 23,5 6-tetramethyl phenol 527355 20700 310 740 006 <001 1307 13197 - -
164 2-methoxy4-vinylphenol  7786-61-0 20983 653 856 . 002 1BIS 1312 - -
165 24-bis(1,I-dimethylethyl) phenol __ 96-76-4 38267 522 862 020 002 1514 1519% 2322 Nf
Pyran
166 Zcthoxytetrahydro-2Hpyran  4819-83-4 12367 350 753 . <001 916 9207 - -
167 Tethenyltetahydro2.66-trimethyl- 30 190 14583 337 871 005 031 971 91 1106  Nf
2H-pyran
16 tcuahydrodmethyl2-Qmethyl-1- 6400 431 20853 413 803 . 002 14 2 - -
propenyl)-2H-pyran
Sulfur compound
169 3-methylthio-I-propancl 505102 15167 511 866 < o0r 985 o827 - -
170 dihydro-2-methyl-3(2H)-thiophenone 13670-85-1 15283 597 896 . 003 088 008w - -
171 Secthenyld-methyl-thiazole  1759-28-0 17150 534 767 . <001 1031 1027 - -
172 cthyl 3-(methylthio)propanoate  13327-56-5 20300 532 887 . 001 1102 10987 - -
173 Benzothiazole 05169 26250 079 866 . <001 1231 1226% - -
174 Ni - 7233 247 502 . 094 753 - - -
175 Ni - 15517 366 805 . 03 993 - - -
176 Ni - 21000 631 733 . 1587 - - -
177 Ni - 24150 419 872 . o2 g4 - - -
178 Ni - 27417 420 42 . 100 157 - - -
179 Ni - 36602 - - 017 - 4o - - -
180 Ni - 30201 - - 029 - s - - -
181 Ni - 4415 - - 012 - 16 - - -
T Tenttively identified compounds - - - - 6 [ - - -

*Mass spectrum and LTPRI consistent with those of an authentic standard. Compounds positively identified; "normalized area percentage; bold letters

designate normalized area percentage above 5%; “compounds found only in GCXGC. LTPRI: linear-temperature-programmed retention index; LTPRI,
values of LTPRI found in scientific literature; LTPRI,, : LTPRI experimentally obtained;
consistent with spectra found in scienti
between experimental and reference values): Ni:

i

LTPRI not found in the scientific literature. Mass spectrum
terature and LTPRI according with literature data for a DB-5 and DB-WAX columns (differences of + 20 units
on identified.
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Table 1. Limit of detection, ennichment factor (equation 1), linear dynamic range, squared correlation coefficient and relative recovery (equation 2) in
distilled water, fish and rice

Sample Li'“i(‘"‘::;iﬂi““’ Enrichment factor Dy'(':‘“'l‘: E’,‘f‘ ! R Recovery/ %
Water o1 150205 102500 0.9071 o7
Fish 05 146254 112500 09819 %

Rice 06 148+73 12-250.0 0.9837 91
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Figure S2. 'H NMR spectrum (60 MHz, DMSO-d.) of compound Sa.
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Iable 1. Brazihan and Itahan sparkling wines nvestigated in this study

Sparkling wine* Grapes varieties” Grape growing site” Letters in Figure S1 Winemaking®
A, MB Hills of Monferrato (Piedmont) - oW
A, MB Piedmont region - ow
M, MB, MG Hills of Garibaldi N os
M, MB NI - NI
M, MB, MG, MA Caxias do Sul and Monte Belo ci ow
M, MG NI - NI
M, MB, MG, MA Serra Gaticha - ow
M, MB Lages h ow
M, MB, MG Garibaldi, Farroupilha and . Jorge egm ow
M, MB Verandpolis and Bento Gongalves an ow
M, MB, MA, R2 Serra Gaticha - os
M, R2,MB Farroupilha region e ow
M, MB, MG Colombo d os
M, MG, MA NI - NI
M, MG Cancla b ow
M, MB, MG Garibaldi, Farroupilha, S. Jorge egm os
M, MB Flores da Cunha and Farroup ef NI
M, MB Farroupilha region e ow
M, MB NI - os
M, MB, MG, R2 Parai and Farroupilha ej os
M, MB Pinheiro Machado k NI
M, NI Serra Gaticha - NI
M., MG Bento Gongalves and Pinto Bandeira al 0s

“A: Asti spumante, M: Moscatel sparkling wine; "MB: Moscato Bianco, MG: Moscato Giallo, MA: Malvasia, R2: clone of the Moscato variety: <OW:
wines of its own manufacture, OS: manufacture was outsourced with different partners. NI: non-informed. Wineries of all Moscatel sparkling wines are
from Rio Grande do Sul, except M, and M. that are from Santa Catarina and Parand, respectively.
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Figure 8. FTIR spectra of the gold-modified Pt electrode using MPTS.
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Figure S5. 'H NMR spectrum (60 MHz, DMSO-d.) of compound 5d.
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Figure 2. Major compounds of sparkling wines extracted by HS-SPME from 23 Moscatel sparkling wines: 3-methyl-1-butanol (No. 11), hexanoic acid
(No. 3), ethyl hexanoate (No. 42), inalool (No. 96), hotricnol (No. 97), 2-phenyl ethyl alcohol (No. 26), nerol oxide (No. 108), diethyl succinate (No. 58).

o-terpineol (No. 120), ethyl octanoate (No. 61), octanoic acid (No. 7), decanoic acid (No. 9), ethyl decanoate (No. 74) in a (a) chromatogram obtained by
GC/MS: and in (b) color plot obtained by GCxGC/TOFMS. The numbers between brackets correspond to those used in the Table 2.
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lable 2. Companison of results obtained using the method described herein with those reported in other publications based on stripping voltammetry

Electrode Lincar dynamic range Detection limit Ref.
Bismuth bulk electrode. 10-100 pg L 396ng L' 50
Multiwall carbon nanotube electrode. 58.4-646.2 pg Lt 84pglt 51
Bismuth/poly(p-aminobenzene sulfonic acid) film electrode 1.00-110.00 pg L 063 pgLt 52
Sercen-printed electrode 10-2000 g L+ 20pgLt 53
Mercury film deposited on wax impregnated carbon paste electrode 5-10000 nmol L Not reported 54
Carbon paste electrode modified with a mercury film electrode 0.01-0.16 pg dnr* 025pgLt 55
Hanging mercury drop electrode 38336mgke” 035 mgkg™ 56
Mercury thin film-glassy carbon electrode 0.07-80.0 ng mL" 005 ng mL! 51
Gold microwire clectrode Upto 10pgLt 03pgLt 58
Au nanoparticles solgel modified Pt-wire 1.0-250.0 nmol L 0.1 nmol L+ This work
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Figure S4. 'H NMR spectrum (60 MHz, DMSO-d.) of compound 5c.
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igure 1. Semi-quantitative analysis of volatile Moscatel sparkling wines according to compound groups (esters, acids, alcohols, terpenes and others), using
GC/MS. A, and A, are ltalian (Asti) sparkling wines and sparkling wines designated by M, are Brazilian wines, where x varies from I to 21. Experimental
conditions of chromatographic analyses are reported in Chromatographic analyses section.
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Figure 9. Calibration curve for Cd". Inset: differential pulse anodic
stripping voltammograms of Cd" standard solution after extraction under
the optimized conditions at different concentration levels of (a) 2.0; (b)
4.0: (¢) 8.0 and (d) 10.0 nmol L~ Cd".
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Iable 1. Brazihan and Itahan sparkling wines nvestigated in this study

Sparkling wine* Grapes varieties” Grape growing site” Letters in Figure S1 Winemaking®
A, MB Hills of Monferrato (Piedmont) - oW
A, MB Piedmont region - ow
M, MB, MG Hills of Garibaldi N os
M, MB NI - NI
M, MB, MG, MA Caxias do Sul and Monte Belo ci ow
M, MG NI - NI
M, MB, MG, MA Serra Gaticha - ow
M, MB Lages h ow
M, MB, MG Garibaldi, Farroupilha and . Jorge egm ow
M, MB Verandpolis and Bento Gongalves an ow
M, MB, MA, R2 Serra Gaticha - os
M, R2,MB Farroupilha region e ow
M, MB, MG Colombo d os
M, MG, MA NI - NI
M, MG Cancla b ow
M, MB, MG Garibaldi, Farroupilha, S. Jorge egm os
M, MB Flores da Cunha and Farroup ef NI
M, MB Farroupilha region e ow
M, MB NI - os
M, MB, MG, R2 Parai and Farroupilha ej os
M, MB Pinheiro Machado k NI
M, NI Serra Gaticha - NI
M., MG Bento Gongalves and Pinto Bandeira al 0s

“A: Asti spumante, M: Moscatel sparkling wine; "MB: Moscato Bianco, MG: Moscato Giallo, MA: Malvasia, R2: clone of the Moscato variety: <OW:
wines of its own manufacture, OS: manufacture was outsourced with different partners. NI: non-informed. Wineries of all Moscatel sparkling wines are
from Rio Grande do Sul, except M, and M. that are from Santa Catarina and Parand, respectively.
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igure 7. Electrochemical response of 30.0 nmol L-* Cd at (a) Pt electrode
modified with gold nanoparticles, and (b) unmodified Pt electrode at the
optimum condition using differential pulse anodic stripping voltammetry.
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Figure 6. AFM pictures of (a,) 2D Ptewire; (b,) 3D Prowire; (a,) 2D PY
sol-gel/nano gold: (b.) 3D P¥sol-gel/nano gold AFM topology of the surface.
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Figure 5. Effect of extraction time on the extraction efficiency. Conditions:
organic phase, propyl benzoate; Cd", 8.0 nmol L pH, 80 (phosphate
buffer 0.1 mol L-*); sample volume, 5.0 mL; acceptor phase, 200.0 pL of
0.2 mol L+ HNO, and 0.01 mol L NaCl; stirring rate, 700 rpm at room
temperature (number of replications = 3).
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Amino acid sequence alignment ot MMPDH and CpIMPDH

MezMEDH MSRGMSGLEDSSDLVVS PYVRMGGLTTDRVPIGGDDPHRVAML GLT FDDVLLLE: TADTS SQLTRK IRLAVELVS SAMDTVIE SRVATAVARA.
comenE MG -TRNIGRG- “LreEDTLLVE /S LETRLTENVSLKIPLISSAMDTVIERLMAVGYARL
MeTMEDH GGHGVLHRNLPVAE QAGQVEMVKRS EAGNVTDR VT CRODNT LAQVDALCAR R SGLEVVDDDGALVGL I TNROMRFEVDOS KOVAEVMI KAPLITAGEG

cpnenn GGTGITHRIMIMES QVNEVLEVENS

MeTMEDE ARG RN LEK LY VDGRG R SL TV VK TE QP AT KD S DSRLL VGAAV GV GOANVRAMMLV DAV VI VLDMVGKLE
cpmeDR -GG LRVEAAL ST IERAKLIVEAGYDV I VLD CHSLNT IR AR TR
MeTMEDH SV DR VEVVGS VAT SAARALVDAGA DAYV GV GEG S T T YV AGVGA POT TAT LEAVAACR PAGVEVIADGGTOYSGD TARALAAGAS TAMIGS L,

cpmwoE s

T VT T TG O T GG S VAT Y POE A ERCSS VAS P L MG IR Yo CD T ALATCASSTICS L

.

HezueDH ACTAEAPGE LIFVNGKO YKS YR GYG SLGAMRGRGGATS YSKDRYFADDALS EDK LVEEE IEGRVP FRCPLSSV IHOLTGS spTIEvIGO-A

cpnmeDE AGTEESPGEKELIGDTV YRY YRGMGSVGANK- ECTR TR CRNEC T YN Co S PE SSAS T RS
oy o bR e el S 2 S

MeTMEDH OFVRITEAGLKESHPHDVAMIVEAPNYYAR

cpeDH SYVEITTSGLRESHVHDVEIVKEVMNYSK~

Figure S1. Amino acid sequence alignment of IMPDH from M. tuberculosis H3TRv and C. parvum lowa IL. () (-, () and (-) indicate identity. strong
similarity, weak similarity and gap inclusion among the residues, respectively. Conserved amino acid residues involved in C64 binding were boxed by a
solid line and are indicated by asterisks below the alignment. The strongly similar residues were boxed by a dashed line and are indicated by a black dot.
The alignment was carried out using ClustalW."
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Figure 1. Double-reciprocal plots of inhibition assay for Se. Patterns of parallel lines indicate uncompetitive inhibition towards IMP (a), whereas
intersecting lines on the left of the y-axis are indicative of noncompetitive inhibition towards NAD* (b). Substrate IMP was varied from 40 to 1000 pmol L

in presence of NAD* 1 mmol L (a); substrate NAD* was varied from 0.2 to 4 mmol L' in the presence of IMP 100 pmol L-* (b). Enzyme concentration
was 550 nmol L- throughout the assays.
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lable 3. Comparison between homogeneous and heterogeneous systems 1n terms of structural and thermal properties

4 Homogeneous 1000 8019 135 54

SZ-IL-Zr 1000 4719 135 48
10 SZ-CA-Zr* 1000 4427 136 49
12 SZ-St-Zr 2000 2865 136 46
13 SZ-IL-MAO-0.12¢ 1500 1924 136 53

“Cp,ZiCl, supported on spherical ZSM-S zeolite; ‘Cp,ZrCl, supported on calcined spherical ZSM-5 zeolite; “Cp,Z:Cl, supported on standard ZSM-5 zeolit:
‘Cp.ZrCL, supported on MAO treated ZSM-5 zeolite.
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Figure 2. Influence of organic solvent as a liquid membrane. Conditions:
Cd", 8.0 nmol L-'; pH, 8.0 (phosphate buffer 0.1 mol L-); sample volume,
5.0 mL; PAN concentration, 0.10%; acceptor phase, 0.2 mol L HNO, and
0.01 mol L-* NaCl; stirring rate. 700 rpm at room temperature; extraction
time. 20 min (number of replications
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Table 1. Inhibition of thiazolyl-1H-benzo[d]imidazoles Sa-I on

recombinant MAMPDH activity

entry Inhibition / %* 1C,, / (pmol L)
Sa <2% >10
5h 25% >10
Se 67% 4504
5d <2% >10
Se 80% 30203
5t 60% 9.0+30
Sg 64% 8003
Sh 50% =10

i <4% >10
5j 65% 5105
Sk <4% >10
51 <3% >10

“Observed at a final concentration of 10 pmol L-; *IC,, > 20 pmol L

for HsIMPDH-IT 2
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Table 2. Reactions using Cp,ZrCl; heterogenized on ZSM-5 by different methods

entry Catalyst Ze/ pmol AVZe time / min PE/g (kg'pE‘“’m“““l Z‘:, ’h,)
6 SZALZe 2 500 10 NF- NE-

7 SZALZe 2 1000 10 1573 a9

3 SZALZe 04 5000 10 0.084 1260

0 SZALZe 2 1000 1 0.488 14640

10 sz.caz 2 1000 10 1475 w21

1" SZSeze 2 1000 10 NR- NR-

12 SZSeze 2 2000 10 0955 2865

1 SZIL-MAO0.12* 13 1500 10 0422 1924

14 SZIL-MAO0.18* 2 1000 10 0535 2539

Reaction conditions: T: 60 °C; ethylene pressure (Py,): 4 bar; MAO and toluene (total volume: 30 mL); “Cp,ZiCl, supported on spherical ZSM-S zeolite:
"Cp,ZtCl, supporied on calcined spherical ZSM-5 zeolite; “Cp,ZrCl, supported on standard ZSM-S zeolite; “Cp,ZrCl, supported on MAO treated ZSM-5
zeolite: “product not observed.
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Figure 4. Influence of donor pH value on the extraction cfficiency.
Conditions: organic phase, propyl benzoate; PAN concentration, 0.10%
stirring speed, 700 rpm; extraction time, 20 min; acceptor phase,
0.2 mol L~ HNO, and 0.01 mol L-* NaCl; Cd", 8.0 nmol L, (number
of replications = 3).
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Figure 2. Interaction profile of compound Se (green sticks) at MAMPDH
active site. Pink: residues involved in hydrogen bonding: yellow: residues
involved in hydrophobic interactions; blue dashed lines indicate hydrogen
honds
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Figure 3. Influence of nitric acid concentration of the acceptor phase on
the extraction efficiency. Conditions: organic phase, propyl benzoate;
donor phase, pH 7.0 (phosphate buffer 0.10 mol L-'); PAN concentration,
0.10%; sirring speed, 700 rpm; extraction time, 20 min; Cd, 8.0 nmol L
(number of replications = 3).
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Figure S14. "C NMR spectrum (75 MHz, DMSO-d.) of compound Sc.
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Figure 2. Assignment of hydrogens in the 'H NMR spectra, exemplified
from a 'H NMR spectrum of golden flaxseed.
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gure 4. (a) PC1 vs. PC2 scores plot of mean-centered banana
diffractograms. (b) Loadings plot from PCA analysis based on mean-
centered diffractograms.
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Figure S13. "H NMR spectrum (60 MHz, DMSO-d.) of compound 51.
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oure 1. Assignment of observed absorption peaks in mid-IR spectra. illustrated from a spectrum of sunflower oil.
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igure 3. Mean and standard deviation of crystallinity content determined
for all botanical fractions by two different methods: (a) intensity and (b)
peak deconvolution.
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re S16. “C NMR spectrum (75 MHz. DMSO-d.) of compound 5f.
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Figure 5. (a) Plot of reference vs. predicted values from calibration and
external validation sets for cellulose crystallinity determined by method A.
(b) Plot of reference vs. predicted values from calibration and external
validation sets for cellulose crystallinity determined by method B.






OPS/images/a09img23.png
2 B R
| [
e Jsn
B ERE
[ e
) = SRR
W 10 o w0 1w o - ™

Figure S15. "C NMR spectrum (75 MHz, DMSO-d,) of compound 5d.
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Table 2. Parameters and statistics for model validation of the PLS models

y S Maix gy Out. w FESEL% RSD/%  RER®
: sizes Gl OV Pred Cil___Cv .
a1 A 6Ix500 6 2 089 078 082 262 370 313 650 110
B 66x2785 6 3 086 075 085 120 18 197 139 170
“Cldetermined by intensity: Cl determined by arca deconvolution; original matrix sze (69 x 2800); “dimensionless statisties; Out.: ouliers; CaL.: calibration:

CV: cross-validation: Pred.: predicted.
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Figure 1. Diffractogram of a banana sample (stem) illustrating the two
most common methods for calculating the erystallinity index, CI: (a) by
the intensity method and (b) by the area method.
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Figure S12. 'H NMR spectrum (60 MHz. DMSO-d.) of compound 5k.
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lable 51. Relative area percentage of the headspace volatile components of 23 Moscatel sparkling wines using H5-SFME and 1D-GC/qMS

No. Compound LTPRL., A A M, M, M, M, M, M M, M, M, My, M, M, My, M, My My My M, My, My M,
Acid
3 hexanoic acid 007 285 149 201 221 205 253 211 223 182 273 389 250 255 325 099 307 095 194 178 133 361 218 215
5 Dwcthyl hexanoicacid 1124 e
6 sorbic acid 1078 - - - - - - - - 37T 0® - - - - - - 416 - - - 01 - -
7 octanoic acid 1201 7.5 564 1046 621 1044 1148 655 666 438 810 1178 550 1486 560 202 583 252 367 252 1857 930 592 801
8 nonanoic acid 1273 - - - - - - - - - - - 005 - - 004 - - 05T - 005 - 072 -
9 decanoic acid 1381 1202 999 660 1040 635 543 1712 668 1078 865 1178 1028 7.04 1074 951 1119 630 1286 882 1155 689 1627 863
10 dodecanoic acid 165 012 011 - - - - 005 042 010 - 014 003 045 - 017 009 017 - 009 014 - - 020
Aleohol
11 3-methyl-I-butanol 731 322 201 162 421 484 220 239 199 867 283 1060 284 288 322 060 257 234 281 120 230 514 319 204
12 2-methyl-1-butanol 735 - - 07 - - 049 040 056 - - - - 106 046 038 - 009 - 064 179 - 130 -
14 23-butanodiol 793 016 015 045 083 031 0I5 027 013 - - - - 010 008 009 057 - 044 01 038 023 070 0.14
16 Z3-hexenol 857 - - - 08 - - - - - - - - - oo 032007 - - - 0B -
17 I-hexanol §72 022 015 014 235 042 027 023 008 044 023 084 013 016 049 027 027 005 064 027 032 032 181 009
18 2-heptanol 904 1
19 I-heptanol 073 e
22 2-cthyl-l-hexanol 1031 X
24 l-octanol 1074 e N I
26 -phenylethylalecohol 1114 405 437 333 520 210 531 899 200 442 468 260 230 434 541 1664 578 228 776 382 1501 708 383 263
30 I-dodecanol 1477 014 025 009 046 0.7 022 030 016 008 006 - 013 010 003 - - 005 010 - - 02 026 -
Ester
34 cthyl butanoate 803 — 006 002 033 007 - Ol - 006 0.1 - 004 - - - 018 038 010 - 011 014 013 003
35 ethyl lactate 817 008 057 005 008 042 005 010 014 014 007 060 006 010 - - 013 - 010 - 125 013 - 003
38 isoamyl acetate §77 070 - 01l - 014 009 - 009 024 015 024 039 0I5 005 0090 0.4 005 039 008 023 - - 017
42 ethyl hexanoate 1002 165 095 258 306 249 145 156 145 149 306 333 235 145 220 050 201 LI17 LSI 105 130 372 253 175
43 Z3-hexenyl acetate 1000 e
4 hexyl acetate 1016 030 - 007 028 005 - - - 009 008 013 013 - - 008 005 003 250 008 008 - 0.8 006
46 cthyl 2furoate 1055 - - - - -0 - - - - - - - 007 - - - - 018 - -
51 ethyl sorbate 1008 L
55 methyl octanoate 126 003 005 - - 007 - 005 004 - 002 - 005 - - 003 - - 004 - - - 005 -
58 diethyl succinate or 184 390 401 506 1231 512 907 833 449 387 279 130 302 738 742 344 595 495 658 419 360 1085 1131 423
dicthyl butanedioate
61 cthyl octanoate 1199 2399 24.16 3036 17.43 32.83 34.06 17.98 2554 1878 3071 3164 3449 2055 2027 20.75 3021 23.60 1794 1819 6.14 27.50 17.42 27.63
62 octyl acetate 1213 e 1 A
63 cthyl benzencacetate 1246 003 008 016 084 031 015 020 039 0.3 021 037 007 025 037 019 021 0I5 036 0.17 027 020 052 014
64 isoamyl hexanoate 24 005 - - 007 - - - - - - - - oo oo
65 O-phenylethylacetaste 1258 LS8 - 057 - - 079 - 041 038 072 - 065 047 050 254 068 - 115 065 122 0.1 - 093
dicthyl 1270 007 004 043 093 018 019 038 019 017 0.14 028 008 033 022 004 019 017 043 011 - 036 050 0.1
hidroxybutanedioate
68 propyl octanoate L T
69 cthyl nonanoate 1274 - - - 08 - - - - - - - - - - 003 - 00406 - 004 - 078
70 methyl decanoate 1326 T .
72 ester 1361 - - - - - - - -0 - - - - - - - 019 - 026 005 - - -
73 ethyl 9-decenoate 1380 083 042 096 029 031 093 047 798 063 118 024 091 075 099 018 089 657 177 151 108 076 021 211
74 cthyl decanoate 1308 1644 3592 24.18 1425 1683 20.16 1648 2234 I8.11 2043 1124 26.03 20.19 1696 17.07 22.26 3038 24.19 2809 2048 6.60 17.14 2355
75 dibutyl succinate or 1563 - 009 - 021 052 - - - 007 002 - 004 - - - - - - - -
dicthyl butanedioate
76 2-phenyl cthyl 1445 T
butanoate.
77 isoamyl octanoate 1450 019 034 031 - 021 018 008 022 011 019 012 022 038 0I5 007 013 011 012 011 013 009 - 035
79 propyl decanoate T
81 cthyl dodecanoate 1596 060 064 043 024 034 010 019 046 021 020 036 018 022 027 062 030 048 032 029 030 011 031 10§
82 isoamyl decanoate 1650 020 026 - - - 006 012 045 042 - - 013 024 - - - 010 - - - - - 023
Terpene
93 Zlinalool oxide 1073 016 021 003 - 025 0I5 033 032 026 032 039 011 016 055 021 019 028 029 044 023 070 - 025
94 terpinolenc 1087 008 003 - 021 007 002 013 - - 005 013 007 - - 002 - - 005 - - - - -
95 E-linalool oxide 1080 006 008 - 014 008 006 009 001 - 006 010 003 - 019 010 006 - 003 - 007 014 009 009
9 linalool 101 056 007 047 - 051 064 - 034 - 057 061 046 031 050 546 048 - 155 203 121 - - 08
97 hotrienol 1105 032 040 058 079 089 099 073 137 532 080 LI14 070 057 143 120 078 051 053 336 082 065 050 130
100 myreenol 122 003 006 - 016 007 013 005 004 004 013 005 006 003 - - - - - 0I5 006 004
103 Z-verbenol 1145 e
107 Z-ocimenol 1154 B ¥
108 nerol oxide 1S5 037 089 064 105 091 087 153 155 041 083 109 045 055 174 043 065 053 048 107 053 214 LI8 LIS
12 p-mentha-l S-dien-8-ol 1168 1 A
114 cpoxylinalool 170 - - - - 003 - 003 002 - - 008 004 - 010 012 - - - 014 007 - - 010
120 a-terpineol 191 672 685 716 691 930 1102 650 764 639 770 976 523 860 1183 1L57 7.69 473 607 9.18 600 602 564 962
:g citronellol and/ornerol 1230 000~ 006 005 - - - - - 007 - 006 - 0I2 045 010 - 043 0I5 017 - 008 008
126 linalool acetate 1267 - 003 006 - - - - 004 - - - - - - 005 - - - 006004 - - 00
129 geranyl ethyl ether 1280 011 008 004 - 010 010 005 0I5 007 015 009 011 009 017 013 010 010 010 027 018 - - 043
131 geranyl acetone 1456 - 008 - - - 005 - - - - - - - - - o 007 - 000 000 -
135 methyl 1660 - - - - - 005006 - - - - - - - - oo
dihydrojasmonate
136 furfural e (-
140 _decanal 1206 - - - - 003 - 002 - 004 009 - - - - - - - - - - - 007 -
Norisoprenoid
158 vitispirane 1280 012 040 - 062 011 008 030 0.0 008 0.12 008 013 020 007 013 030 005 012 043 007
150 _B-damascenone 1386 - - - - 00 - 0I5 - 005 006 006 006 009 - - - 008 - - - - - -
Phenol - - e
162 23.5,6-tetramethyl 1307 - - - - - - - -~ o, - - o006 - - o008 - - - - - - - -
phenol
165 24-bis(1,1- 1515 - - - - 018 01l 005 - 048 - 018 LIS - 046 - - - 023 - - - - 013
dimethylethyl)-phenol
Pyran
167 2-cthenyltetrahydro- 970 011 005 024 004 002 012 006 003 007 013 - - 013 004 004 — 005 005 003 028 0.3 006
2,66-trimethyl-2H-
pyran
179 ni 1400 010 009 047 021 016 - 021 016 012 016 - 008 016 016 004 009 011 014 011 005 014 - 010
180 ni 1475 - - - - - 007 - - - - - - - - 08 - - - 007 - -
181 ni 1536 - - 02 - - - 005 - 00 01l - 005 009 - - 015 - - - - 014 - ol
LTPRI: lincar-temperature-programmed retention index; LTPRI___ LTPRI that were experimentally obtained on DB-5 column; ni: not identified.

—
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Figure S11. 'H NMR spectrum (60 MHz, DMSO-d.) of compound 5j.
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Figure S10. "H NMR spectrum (60 MHz, DMSO-d.) of compound 5i.
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Figure S1. Two-dimensional gas chromatography showed superior potential compared to one-dimensional gas chromatography for the characterization

of Brazilian Moscatel sparkling wines. which showed a homogeneous volatile signature.
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Figure S7. '"H NMR spectrum (60 MHz. DMSO-d.) of compound 5f.
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lable 3. lentatively identihed compounds appointed by Fisher ratio and FCA as the most important for difierentiation of Moscatel sparkling

analyzed (Table 1) by GC/MS and GCxGC/TOFMS. The variables with higher loadings values are the ones that contributed most significantly to explain
that specific factor and they are marked in bold letters

Compound* LTPRI,” LTPRI Fisherratio PCI*  PCY Observation
GCMs

2-Phenylethyl acetate (No. 65) 1257 125 6541 0961 0054 co-clute with geraniol
Propyl decanoate (No. 79) 1493 1493 5845 0048 —0.967 -
2-Phenylethyl alcohol (No. 26) m7 1107 547 0905 0138 co-clute with myreenol
Propyl octanoate (No. 68) 1202 1282 3552 0005 0965 2-undecanone
o-Terpineol (No. 120) 1191 1188 340 0904 0062 co-clute with octanoic acid
Linalool (No. 96) 1102 1008 3009 0942 0073 co-elute with 2-nonanol, cthyl heptanoate, (£.2)-3.6-

nonadienal, ethyl sorbate

GCXGCITORMS

Nerol (No. 122) 1231 1220 101779 904 0082 co-clute with citronellol
Menthol (No. 115) 1nn uno 774 970 0012 co-clute with epoxylinalol
Linalool acetate (No. 126) 1268 157 48741 0950 0061 -
Limonene (No. 88) 1028 1020 26773 0318 -0.797 ndin ID-GC
Geraniol (No. 125) 1257 1252 13228 0436 —0.668 co-clute with 2-phenyl ethyl acetate

“Designated number of the compound in Table S1 and Table 2; "LTPRI_, lincar-temperature-programmed retention index experimentally obtained using
DB-5 for GC/MS and GCxGC/TOFMS: <LTPRI. : values of LTPRI found in scientific literature for DB-S: “principal component.
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lable 4. Recovery of cadmium ions from different water sample (n = 3)

sl T R T S O
Tap water - 1.39+0.05 - 1.34£051 135011

Tap water 3.00 432007 97.7 - -

Tap water 6.00 745004 1011 - -

River water (Zayandehrood ) 3.70+0.08 - - 3.50£0.61 290+0.18

River water (Zayandehrood ) 3.00 6.65+0.10 98.3 - 575+031

River water (Zayandehrood ) 6.00 9.80£0.11 101.7 - -
Wastewater - 553+0.12 - 3.51£0.10 1.1£030
Wastewater 3.00 861015 1027 - 33+052
Wastewater 6.00 1137071 97.3 - -

“Water samples were analyzed by ICP after 100-fold preconcentration, using distillation method; "conventional stripping voltammetry. + shows RSDs
based on three replicate analyses.
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Figure S6. 'H NMR spectrum (60 MHz, DMSO-d.) of compound Se.
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Figure 3. Co-clution of ethyl sorbate (No. 51 in Table 2) (t, = 20.30 min and t, =4.76 ) with linalool (No. 96 in Table 2) (', =20.41 min and %, =4.04 5
in the first dimension and separation of these compounds in the second dimension (A) shown in a zoomed area of a color plot. The spectra (al) and (a3)
were obained experimentally with GCxGC/TOFMS for ethyl sorbate and linalool, respectively. Below them, mass spectra (a2) and (a4) are the ones
reported in the scientific lterature for the above mentioned compounds. On the right side of the figure, a one-dimensional chromatogram (B) is presented.
as wel s the mass spectrum obtained experimentally by 1D-GC/MS for the co-eluted components (b1) and also the mass spectrum reported in the scientific
terature for ethyl sorbate (b2).*
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Table 3. Interferences study for the determination of 8.0 nmol

under the optimized conditions

Species Tolerance limit
Triton X100, trimethylamine, DNA, NO -, Nii*, Zn*, 1000+
Sb*, Cs*, Fe*, NO,, Ca®, Cu®, Mg™, CI-, CO>-

Lucine, Pb** 100

Maximum concentration of substances tested
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Figure S9. 'H NMR spectrum (60 MHz, DMSO-d.) of compound 5h.
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re 5. Dendogram for Moscato Giallo and Moscato Bianco sparkling
wine samples oblained using the terpenes (a-terpincol, No. 120 of Table 2:
linalool, No. 96 of Table 2; citronellol, No. 123 of Table 2: nerol oxide,
No. 108 of Table 2; p-mentha-1.5-dien-8-0l, No. 112 of Table 2; Z-linalool
oxide, No. 93 of Table 2; geranyl acetone No. 131 of Table 2., hotricnol,
No.97 of Table 2: Z-ocimenol, No. 107 of Table 2 and terpinolene. No. 94
of Table 2) and C13-norisoprenoids (vitispirane, No. 158 of Table 2;
methyl dihydrojasmonate, No. 135 of Table 2: and f-damascenone, No. 159
of Table 2) appointed by multivariate analysis (Fisher ratio and PCA).
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Figure S8. "H NMR spectrum (60 MHz, DMSO-d.) of compound 5g.
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lable 1. Identification of the banana samples
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Figure 4. Pareto chart of the standardized effects considering o = 0.05.
(A) Ozonator power: (B) O, flow: (C) Fe* concentration and (D) pH.
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Figure S19. “C NMR spectrum (175 MHz, CD.OD) of 3.
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Table 1. Factors and levels for the treatment of 2 L of the effiuent during

30 minutes
Factor Symbology Lol

[ ©  «b
Power /W A EEEES
Flow rate O, / (L min") B 05 025 0125
[Fe]in the effluent /(g L)~ C 05 075 10
pH D 40 70 100
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Figure S18. "H NMR spectrum (700 MHz, CD.OD) of 3.
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Figure 1. Components of the reactor: (1) reactor, (2) cone (foam separator)
and (3) reser






OPS/images/a18img26.png
L b






OPS/images/a25img16.png
Table 3. Percentage of 10Cred and O /oxidized carbon mass ratio

Experiment Y 5 Factor! = o M(a":g(::‘:g;" ! TOCred/%  mgOJmeCoy
1 1 o E a1 385 61.26 0.09
19 + + - -1 61.32 009
2 + -1 + -1 726 5691 023
13 + -1 + -1 5.8 024
3 0 0 0 0 43 5570 0.12
8 0 0 0 0 5636 013
15 0 0 0 0 5631 0.12
4 -1 + - + 236 4507 0.08
17 -1 + -1 + 4626 0.08
5 + + + + 385 55.84 o
10 + + + + 558 0.12
6 -1 -1 + + 438 4937 015
7 -1 -1 + + 5020 014
9 -1 -1 -1 -1 438 5555 014
12 -1 -1 - -1 56.01 014
1 + -1 - + 726 44.90 028
16 + -1 -1 + 44.56 028
14 -1 + + -1 236 5107 0.08
18 -1 +l + -1 5146 008
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lable 2. Physical and chemical charactenstics of the effluent in natura

Parameter ‘f':a",:‘:z Methodology™ LOQ®  CETESB (Article I18)* Com'ffséfﬁ’)',?s)“ and
True color (P1-Co) 30.0-46.0 SM2120C 30 - 75
Spectrophotometric method
pH 50-11.0 Potentiometric method - 5090 5090
Turbidity / NTU 3023457 SM2130B 0l - 100
Nephelometric method
COD/ (mg 0,L") 2100-2800 SM 5220 D 30 - -
Closed reflux, colorimetric method
BOD, / (mg O, L") 1800-2300 SM5210D 05 Upto60% or minimal Minimal removal of 60%
Respirometric method removal of 80%
TOC/ (mg L") 470790 Catalytic combustion with detectionby 3.0 - -
infrared spectroscopy
N-NH, / (mg L") 456-630 SM4500B 005 - 200
Preliminary distillation step and
spectrophotometric method (Nessler)
N-Organic / (mg L") 678736 SM4500B - - -
Preliminary reduction of the N and
distillation step and spectrophotometric
‘method (Nessler)
Phosphorus / (mg L") 7.15-11.05 ICP-OES 0005 - 002
ST/ (mg L") 2700-2910 SM2540B 20 - -
Total solids
STF/ (mg L) 1900-2105 SM2540G 20 - -
Total, fixed and volatile solids
STV /(mg L") 800-805 SM2540G 20 - -
Total, fixed and volatile solids
Surfactant / (mg L") 071-158 SM5540C 003 - -
Anion surfactants as MBAS
Oil and grease / (mg L") 2100-2200 SM 5520 DE 50 100 50

Soxhlet extraction method

Not specified; LOQ: limit of quantification; COD: chemical oxygen demand; BOD,:

iochemical oxygen demand afier five days incubation; TOC: total

organic carbon; N-NH,: ammoniacal nitrogen; N-organic: organic nitrogen; ST: total solids; STF: fixed total solids; STV: volatile total solids; surfactant:
extracted with chloroform and methylene bluc in a separation funnel and determined by visible spectrophotometry at 655 nm; oil and grease: determined
by solvent extraction method (Soxhlet method); SM: standard methods; ICP-OES: inductively coupled plasma optical emission spectrometry; MBAS:
methylene blue active substances.
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Figure S15. HMBC spectrum of 2.
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Figure S17. HR-FABMS spectrum of 3.
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Figure S16. NOESY spectrum of 2.
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Figure $23. HMBC spectrum of 3.
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Figure 3. Main effects for percentage of TOCred variation measurements.
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Figure $22. HMOC spectrum of 3.
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Figure S24. NOESY spectrum of 3.
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Table 2. Activity and selectivity of catalysts

Catalyst=> FeCu-Blank FeCu-PVP FeCu-PVA FeCu-PEG
Temperature / °C 240 300 240 300 240 300 240 300
TOF x 10°/s" 042 119 075 1.63 192 3.03 050 1.89
CO conversion / % 24 6275 2476 55.88 4439 70.09 1445 5500
CO + H, conversion / % 20.57 50.04 273 4463 36.99 56.82 1434 4543
H, conversion/ % 19.74 4436 21.82 3081 33.66 50.84 1429 4125
H,/CO in tail gas 231 334 232 318 265 365 233 3.02
H,/CO usage 197 158 1.97 1.66 1.69 161 231 173
Kyas 0.99 233 0.84 178 128 201 1.60 1.81
CO; percent / mol% 11.92 2734 1107 2237 1725 2284 18.61 2080
HC® selectivity / wt.%

c, 17.27 20.90 1611 20.11 9.80 2603 1923 3091
C., 4321 5431 313 55.23 3214 5477 4705 58.04
Cy 39.52 15.79 4076 15.66 58.06 19.19 372 11.05
C., 0P 039 040 071 073 128 1.07 058 046
Alcohols* / wt.% 301 1.05 315 1.05 756 135 1.59 0.62

“Reaction condition: 1.5 MPa, H,/CO = 2.0, and gas hourly space velocity (GHSV) = 2000 h; “max error = %5%: “apparent turnover frequency: numbers
of CO molecules converted per adsorption site per second: “alcohols in total hydrocarbon and oxygenates. K. : Water-gas shift activity.
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Table 1. Catalytic performance of the prepared samples in soot oxidation

Catalyst T:/C TH/C T/ C

None! 450 610 660
450 575 630
270 451 510
340 420 480
345 436 493

rate of soot combustion; °T,: end of weight loss; None: corresponding
to Printex-U® oxidation without a catalyst.





OPS/images/a19img06.png
lable 2. Reactions of 3 with various aryl and alkyl azides
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Scheme 3. Synthesis of B-1.2,3-triazolyl-ci-amino esters.
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Figure 4. XRD pattern of catalysts (a) after calcination, (b) after reduction
and (c) after reaction: () hematite: (M) iron carbide; (@) magnetite;
(A) quartz.
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Scheme 1. Preparation of ethyl 2-(4-methoxyphenylamino)pent-4-ynoate (3).
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lable 4. Analysis of variance from the mean values of percentage reduction in 1OCred array 2™ for the treatment of dairy wastewater by catalytic ozonation

Term Effect Coef SE Coef T p-value
Constant - 52616 0.09037 58224 0.000
Power 3759 1.879 0.09037 20.80 0.000
Flow O, 1.884 0.942 0.09037 1042 0.000
[Fe] 1274 0.637 0.09037 7.05 0.000
pH 7136 -3.568 0.09037 3948 0.000
Power x Flow O, 5976 2988 0.09037 33.07 0.000
Power x [Fe] 1.696 0.848 0.09037 939 0.000
Power x pH ~1.564 0782 0.09037 865 0.000

%TOCred = (Constant) + (Coef x Power) + (Coef x Flow) + (Coef  [Fe]) + (Coef x pH) + (Coef x Power x Flow) + (Coef x Power x [Fe]) + (Coef x
Power x pH).
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Table 1. Optimized reaction conditions for the synthesis of B-1,2.3-
triazolyl--amino esters

enty Cucat(l0mol%)  Solvent  Base(eq)  Yield/%

1 CuS0,5H0 THF - 51
2 Cul THF - 53
3 CuCN THF - 5

4 Cu(OTh), THF - Trace
5 Cul McOH - 51
6 Cul - - 5
7 Cul THF  PMDTA() 75
8 Cul THF  PMDTAQ) 75
9 Cul THF  PMDTA(0S) 60
10 Cul - PMDTA (1) 64
1 Cul THE __ PMDTA() 72

*20 min: *100 °C (oil bath), 3h.
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Table 1. Physical properties of precipitated iron catalysts

Massof _ Component (on mass basis) analyzed BET result

Catalyst catalyst/ g Fe Cu Surface area / (i ") Pore volume / (cm’ ) Average pore size / nm
FeCu-Blank 23 100 58 202 0088 1368
FeCu-PVP 145 100 58 1265 0055 1751
FeCu-PVA 102 100 57 778 0037 1936

FeCu-PEG 125 100 59 273 0016 2425
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Scheme 2. Synthesis of B-1,2.3-triazolyl-c-amino esters.
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Table 3. Values of energy consumption and reagents per liter of dairy eftluent treated by catalytic ozonation process of duplicate and triplicate experiments

Experiment Feorlew] cunE'u:;yinll cunR::ng;minll Toul value/ - MeanTOC Rm
A B c o wssLy sty (USSL) wdedon/% gy
1and 19 +1 +1 -1 -1 0.00253 0.02831 0.03084 61.29 0.50
2and 13 +1 -1 +1 0.00253 0.09943 0.10195 56.40 1.80
3,8and 15 0 0 0 0 0.00223 0.05256 0.05479 56.12 097
4and 17 -1 +1 -1 +1 0.00193 0.02762 0.02955 46.11 0.64
Sand 10 +1 +1 +1 +1 0.00253 0.03323 0.03575 55.56 0.64
6 and 7 -1 -1 +1 +1 0.00193 0.09874 0.10067 49.78 202
9and 12 -1 -1 -1 -1 0.00193 0.09382 0.09575 5578 171
11 and 16 +1 -1 -1 +1 0.00253 0.09313 0.09566 4473 214
14and 18 -1 +1 +1 -1 0.00193 0.03392 0.03585 51.26 0.70

US$ 1.00
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Figure S13. "H NMR spectrum (400 MHz, CDCL) of 4c.
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Figure S15. "H NMR spectrum (300 MHz, CDCL) of compound 5h.
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Figure S8. IR spectrum (KBr) of 4a.
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Figure S11. "H NMR spectrum (300 MHz, CDCL) of compound 5f.
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Table 1. NMR data [500 (*H) and 75 MHz (%C), (CD,),CO, 6 (ppm),
J (H2)] for compound 1

Position b4 5 HMBC
2 508 (d:122) 848 C3.C4.CO.CI
3 276 (dd:14,122) 516  C2.C4.CI,
care
4 - 1916
5 771 @87 1298 C4.C6.C9
6 658 (dd:23.87) 1114  C7.C8.C-10
7 - 1657
8 632 (&23) 1034 C6,C7.C9,.C-10
9 - 1641
10 - 1149
r - 1301
26 707 &76) 1300 ca.cr,
C3/C-5, C4
315 694 (&76) 1148  CI,C2ICE,
ca
& - 1612
2 592 (@122 850 C3",C47.C9"
17, C67
3 263 (dd:14,122) 518  C4.C3,C2"
AN
4 - 1915
5" 771 @87 1298 C47,C67.C9°
6 658 (dd:23.87) 1114 C7°,C8",.C-10"
7 - 1657
g 632 (&23) 1034 C67,C77,.C9%
c10”
9" - 1641
10" - 1149
I - 1310
2 662 (&20) 1151 C2°,C37,C47,
6™
3 - 1477
4 - 1492
5 695 (&80) 1122 CI7,.C37.C47
6™
6 663 (dd:20,80) 1202
4-OCH, 384 © 556 c
47-OCH, 380 © 563 [

Carbon multiplicities obtained by DEPT experiments.
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Figure S10. "C NMR spectrum (100 MHz. CDCL,) of 4b.
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igure S12. °C NMR spectrum (300 MHz, CDCL) of compound
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Table 2. 1C, values of acetyl and butynicholinesterase inhibition by
compounds 1 and 2

1C,/ (umol L)

Compound Inhibition of Inhibition of
acetylcholinesterase _butyrylcholinesterase

1 20323 53752

2 472089 38783

Eserine 2712 138.6
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Figure S9. 'H NMR spectrum (300 MHz, CDCL) of compound Se.
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OPS/images/a13img12.png
il

Figure S5. 'H NMR spectrum (400 MHz, CDCL) of 4a.

)





OPS/images/a19img14.png
i
e
Fs
T —
i 5
wsia
ook 8
2
sost ——— 2
wigoE ——— £
oy p— 2
ez —— s
e ——— 3
]
ES
H
2
e S
g &
g
§ 3
&
M
Z
Z
g
%
%
H






OPS/images/a26img11.png
—8— FeCu-Blank
—e—FeCuPVP
—A—FeCuPVA
—¥v—FeCu-PEG

» -
e |
0 —

20 M0 20 20 20 20 0 300 3M0
Temperature / °C

Figure 9. C.* selectivity as a function of temperature for catalysts.





OPS/images/a13img19.png
Transmittance [%]
20 30 40 S50 60 70 80 90 100
L L L L L L L L

3753.80 ——

Q

3307.30 ——
308128 ——
206962 ——
2629552 —

|| \\\\\\\\‘H‘\\\\\H\\S \\\

Figure S12. IR spectrum (KBr) of 4b.

g_






OPS/images/a13img18.png
File
Operator
Acquired
Tnst rument.

iy
15 oet 2014
st

Mise Info
Vial Humbe:

Aotonce

000000
&1

500000

sooo0ao)

asouon

‘asou00

150000

1000000

wes OB e

Figure S11. Mass spectrum of 4b.

Bt

:\data\nass spectrus\Barzegar Shelda\s 7.0
9

ustng Acaiethed 93 mehe new.

S 808 (382 5 7 dta s
o

1880
o

38 300 3779

s

a0

o

P— \

o o 160 160 20 Em w0 20 20 N0 0 o W 300 400 4 40 4% 40

520 40 S0 5w 600 830 640 650 680





OPS/images/a19img20.png
e
aorvl
e
8295 —, s
800 45—
o 19
zsovih -8
695511
oouce)
205521 =\,
2522 —\
£EE 0EL
e — H
OELEEN — m.
s
Besevh — le £
aouesi v g
suneil ©
N
£
=
o
g E
[ g
Be 8
Y8
o
Z
z
k4
3
7
g
&
&





OPS/images/a20img01.png
PVA HA

Figure 1. Molecular structures of PVA and HA.





OPS/images/a27img17.png
.
2
El
h 140
"
Ll
[ B o
' H H
t
k) mn ¥

o i »
o e ay ‘e

Figure $13. HMBC spectrum (500/125 MHz, CO(CD.).) of compound 2.
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Figure S15. HMBC spectrum (500/125 MHz, CO(CD;),) of compound 2
(expansion 2).
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Figure S23. Mass spectrum of de.
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Figure S14. HMBC spectrum (500/125 MHz, CO(CD,),) of compound 2
(expansion 1).
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Figure S19. Mass spectrum of 4d.
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Figure $22. "C NMR spectrum (75 MHz, CDCL.) of compound 5k.
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Figure S10. 'H NMR spectrum (500 MHz, CO(CD.).) of compound 2.
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Figure S9. Negative HRESIMS of compound 2.
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Figure S21. "H NMR spectrum (400 MHz, CDCL) of 4e.
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Figure S20. IR spectrum (KBr) of 4d.
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Figure S15. Mass spectrum of 4c.
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zure S18. "C NMR spectrum (75 MHz, CDCL.) of compound
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Figure S6. HMBC spectrum (500/125 MHz, CO(CD,),) of compound 1
(expansion).
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Figure S14. "C NMR spectrum (100 MHz, CDCL,) of 4c.
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Figure S8. NOESY spectrum (500 MHz, CO(CD.),) of compound 1.
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Figure S16. IR spectrum (KBr) of 4c.
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Figure $22. "C NMR spectrum (100 MHz, CDCL,) of 4e.
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Figure S10. "C NMR spectrum (75 MHz, DMSO-d,) of Sc.
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Figure S5. 'H NMR spectrum (300 MHz, DMSO-d) of 3a.





OPS/images/a24img17.png
oo 200 350 W e 3

Figure S12. °C NMR spectrum (75 MHz, CDCL,) of 6b.
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Figure S16. °C NMR spectrum (75 MHz, CDCL) of 6d.
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lable 2. Correlation factors for the thermal decomposition of the soot model Printex-U™ and the soot model in the presence of ditferent catalysts/catalyst
mixtures obtained by using nine forms of g(c) functions

el eionmodd oo bawex e G040 QUC
(fresh) (reused)
g(w)=a? 0.99297 098524 0.95031 0.96836 0.93527
g,(00) = o (1- @) In(1- &) 0.99657 099324 0.96928 0.98289 095417
gy(a)=[1-(1-0)""] 0.99758 0.99629 0.99398 0.99568 0.97891
g(@) = (1-7,a) - (1- o) 0.99534 0.99594 0.97909 0.98885 0.96359
0.97088 098204 0.99684 0.99578 0.99270
0.97088 0.98204 0.99684 0.99578 0.99270
0.97088 098204 0.99684 0.99578 0.99270
0.99770 0.99678 0.98463 0.99170 0.96884

0.99758 0.99629 0.99398 0.99568 0.97801






OPS/images/a03img11.png
lable 3. Pre-exponential factors, activation energies, entropies, enthalpies, and Gibbs free energies of activation calculated for the thermal decomposition
of the soot model and the soot model i the presence of catalyst/catalyst mixtures

N E./ AHE/ ASt/ AGH
(kI mol) (K] mol) (J mol ' K") (K] mol)
Printex-U® 7.5x 10 175 181 74 174
CeO /Printex-U* 63107 79 7 102 147
ZnO/Printex-U® 98 10° 104 98 81 166
ZnOCeO,/Printex-U? (fresh) 19x10¢ 54 49 131 141

ZnOCeO, /Printex-U® (reused) 34x10° 81 75 88 138
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Figure S2. Jupati biodiesel chromatogram for determination of the ester content. Original files in the “.wrt” format are available under request from authors.
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igure 2. Calculated activation parameters: AG* (blue circles, ); AS*
(black triangles, A); and AH (red squares, ) for the catalytic ability of
the prepared compounds on Printex-U® (soot standard) oxidation.
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Figure S1. Jupati biodiesel chromatogram for determination of the mono-, di- and triglycerides.
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Table 1. Expenimental design for the jupati o1l ethanol;

Experiment Variable Response
X, /Wi X./°C X, Ester/ % _Viscosity/ (mns~) Yield /%
1 1 -1 70 -1 6 -1 8.6 7.10 720
2 2 038 70 -1 6 -1 §7.0 650 749
3 1 -1 80 1 6 -1 8.0 630 758
4 2 038 80 1 6 -1 95.0 530 796
5 1 -1 70 -1 9 024 92.0 580 739
6 2 038 70 -1 9 024 880 590 834
7 1 -1 80 1 9 024 94.0 580 844
8 2 038 80 1 9 024 9.4 450 863
9 15 069 75 0 75 062 98.2 490 855
10 15 069 75 0 75 062 917 460 865
1 15 069 75 0 75 062 979 480 85.1
12 3 025 80 1 10 002 98.5 460 912
13 4 087 80 1 10 002 9.8 410 933
14 3 025 80 1 12 053 9.2 420 924
15 4 087 80 1 12 053 98.7 420 914
16 35 056 80 1 1 028 98.5 450 805
17 35 056 80 1 1 028 98.6 450 %0.6
18 35 056 80 1 1 028 988 420 L1
19 279 012 80 1 1 028 98.9 410 %05
20 421 1 80 1 1 028 99.1 430 91.9
21 35 056 80 1 8.16 045 9.4 410 924
2 35 056 80 1 1383 1 98.6 460 802

X : Catalyst concentration; X,: reaction temperature; X.: molar ratio of alcohol to oil.
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Figure 1. Pareto charts for (a) the ester content; (b) the viscosity: (c) the
yickl. X,; Cotalye comseation, X,; semtiom scmperstons, X, o
ratio of alcohol o0 oil.
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Figure 2. Predicted vs. actual values for (a) the ester content; (b) the
viscosity: and (c) the yield.
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lable 2. Analysis of vanance (ANOVA) for the quadratic model

Source Sum of squares Degree of freedom Mean square Fovalue Fups
Ester model
Regression 537.61 9 5073 362 28
Residual 1977 12 165 - -
Lack-of-fit 19.60 245 6125 604
Pure error 017 4 004 - -
Totals 557.38 21 - - -
Viscosity model
Regression 1603 9 178 356 28
Residual 057 12 005 - -
Lack-of-fit 046 006 20 604
Pure error ol 4 003 - -
Totals 1660 21 - - -
Yield model
Regression 903.93 9 10044 360 28
Residual 3348 12 279 - -
Lack-of-fit 3110 380 648 604
Pure error 238 4 060 - -
Totals 037.41 21 - - -
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Figure 3. Normal probability plots of the residuals for (a) the ester content;

(b) the viscosit

and (c) the vield.
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