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Abstract:
							                           
ABSTRACT: This study reports the application of metallo-stannosilicates as potential inorganic solid matrixes for enzymes immobilization and their use as a heterogenous catalysts in enzymatic transesterification reactions for the conversion of triacylglycerides into fatty acid ethyl esters (FAEEs). Several stannosilicates were synthesized and physicochemical characterized by X-ray powder diffraction (XRD), scanning electron microscopy with energy dispersive X-ray spectrometry (SEMEDS), Brunauer–Emmett–Teller (BET)-N2 surface area analysis and solid-state magic-angle spinning nuclear magnetic resonance (MAS NMR 29Si and 119Sn nuclei) techniques. The experimental results for enzymes immobilization were promising, especially for a nickel ion-exchanged metallostannosilicate, which were able to immobilize 82 ± 6% of Thermomyces lanuginosus lipase and also kept a high enzymatic activity (42 ± 3 U mg–1 ). Systematic catalytic reactions for conversion of refined palm oil (Elaeis guineensis) using some of these stannosilicates enzymes complexes yielded 63.3 ± 0.7% of FAEEs. It is worth noticing that, when the transesterification reaction was performed with (a) the as-made stannosilicate without enzymes and (b) the equivalent amount of immobilized Thermomyces lanuginosus lipase in its free form, the FAEEs yield sharply decreased to < 5.0% and 6.3 ± 0.3%, respectively. This result is a clear evidence of a synergistic effect among the metallo-stannosilicates and the immobilized enzymes.
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1. Introduction

Metallo-stannosilicates as inorganic supports to immobilization of lipase from Thermomyceslanuginosus for biodiesel production

The development of alternative biofuels as viable ways to replace or reduce the use of fossil fuels has stimulated the efforts of the scientific community. The energy demand arises from numerous factors, including environmental concerns and the depletion of fossil fuel resources that have stimulated the development of new alternative sources of more sustainable fuels. Among the various options, biodiesel is attractive because it is a sustainable and renewable form of energy
1
. Chemically, biodiesel consists of a mixture of fatty acid alkyl esters (FAAEs) and is predominantly produced, in industrial scale, by means of transesterification reactions using refined vegetable oils as triacylglycerides sources, together with short chain alcohols (methanol or ethanol) and homogeneous catalysts. The appropriate choice of triacylglycerides feedstocks and catalysts are the main challenges and have precluded a faster development of this industry.

Concerning the available triacylglycerides sources, the use of edible oils has raised ethical and economic questions, one of the reasons to search alternative lipid feedstocks that do not compete with food production
2,3
. There are several lipids feedstocks for biodiesel production, such as: palm, castor, soybean, cotton, peanuts, jatropha, sunflower (vegetable oils), besides the utilization of animal fats, nonedible and waste oils. Considering oils from vegetable origin, the palm tree (Elaeis guineensis) is an excellent option due of its low price, relatively high oil content (palm fruit contains approximately 40% of oil) and high productivity (2500–4000 kg hectare–1 year–1). Furthermore, palm oil is more saturated and has greater oxidation stability when compared to other vegetable oils, in addition to being an important alternative for the sustainable development of some Brazilian regions, mainly in the Amazon
4,5
. Another important component in the biodiesel production process is the short chain alcohol source. In Brazil, the use of ethanol is a viable option, since the country is the world’s second largest producer of ethanol. However, most industrial biodiesel plants do not have the technology to synthesize biodiesel by applying ethanol as a solvent, since that the production of biodiesel via the ethylic route presents some obstacles, such as high alcohol consumption and difficulty in separating the final products (glycerol and biodiesel), which generates greater energy costs for this process.

In terms of catalyst technology, sodium hydroxide (NaOH), potassium hydroxide (KOH) and sodium methoxide (NaOCH3) are currently the main homogeneous catalysts employed in the biodiesel industry. Their disadvantages are associated with the impossibility of use low-quality feedstocks, with high contents of water and free fatty acids (FFAs)
6
. Although not currently applied in industrial scale for biodiesel production, heterogeneous acid catalysts could be an interesting alternative to solve this problem due the fact of being less sensitive to FFAs content and perform simultaneously the esterification and transesterification reactions. Moreover, the heterogeneous catalyst can be recycled (reused), there is none or very little amount of wastewater produced during the catalytic process and the separation of the catalysts from biodiesel and glycerol is relatively easy. Nevertheless, its application in the biodiesel industry is preclude due the necessity of employing longer reaction times, higher reaction temperatures and large alcohol to oil molar ratios
7–10
. The combination of all these factors has a negative impact in the final price of the biodiesel, therefore the search for new heterogeneous catalysts able to overcome these drawbacks is a technical and scientific challenge.

Zeolites and Mixed Octahedral-Pentahedral-Tetrahedral Silicates (OPT) materials are inorganic microporous framework oxides and can be an interesting option to overcome these challenges. Mixed framework OPT materials containing coordinated tetrahedra or octahedra, namely stannosilicates, is one of these materials subject of research. Stannosilicates and tin-zeotypes materials have been reported as ion exchangers, sorbents and catalysts for several types of reaction, as purification of natural gas with sulfur compounds, like hydrogen sulfides or oxysulfides
11
, and catalytic reactions for decomposition of propan-2-ol and oxidation of cyclohexene
12
, Baeyer–Villiger oxidation reactions
13
, monosaccharide isomerization reactions
14,15
 and application as heterogeneous catalysts for biofuels production
16
. Tin-based homogeneous and heterogeneous catalysts have been used in transesterification reactions, mainly using refined edible oils as feedstocks and methanol, typically providing high yields of fatty acid methyl esters (FAMEs)
17–24
.

The use of lipases (triacylglycerol acylhydrolases, E.C.3.1.1.3) as catalysts in the biodiesel production is also an attractive option due to their high specificity for the transesterification of triacylglycerides to FAMEs or FAEEs in comparison with the other conventional chemical catalysts employed in industrial biodiesel production. In comparison to the basic homogeneous catalysts, enzymes exhibit high selectivity and catalytic activity under mild operative conditions. In addition, lipases can also catalyze the transesterification of waste feedstocks that contain a high content of free fatty acids (FFAs) and water, therefore decreasing the probability of forming soap and emulsion
25
. Some examples of biodiesel production by enzymatic catalysis are the transesterification of soybean oil (Glycine max) by applying different lipases and experimental parameters (quantity of biocatalyst, reaction time, amount of water added and turnover of lipases)
26–28
, esterification reactions of oleic acid29 and FAEEs production by enzymatic transesterification of triolein
30
. Besides all the advantages of the enzymatic process in comparison to the other ones, there are important drawbacks that preclude their large use in industrial scale process for biodiesel production. Between them are the enzymes expensive costs, the difficulty of its separation (recover of the enzymes and reuse in its free form), besides the possible deactivation of enzymes active sites by glycerol, a subproduct of triacylglycerides transesterification. In this context, the enzymes immobilization is a viable alternative for overcoming these obstacles
31–36
.

The use of supports for enzymatic immobilization is an effective way to combine the advantages of both heterogeneous and enzymatic catalysts. Enzymatic immobilization consists of locating or confining an enzyme on a solid support or matrix. The methods are basically classified as chemical or physical processes, and the choice of the appropriate support depends of physical-chemical characteristics, such as mechanical, chemical and microbial resistance, thermal stability, high loading capacity, adequate pore diameter and hydrophilic/hydrophobic behavior that allows the immobilization of the enzymes
37
. Several solid materials, such as ceramics, kaolinites, silica, cellulose, polymers and zeolites, have been used as supports for enzymes immobilization. Specifically, in the case of zeolites and mixed framework oxides, the aim of the immobilization is to create a zeolite-enzyme complex that can be applied as biocatalysts. It is clear from these studies
38–40
 that both the zeolites and the enzymes can themselves alone catalyze the transesterification reaction: each one of them have their own particularity that determines the rate and yield of the final product.

This study is a sequence of previous work reported by the authors research group16 concerning the application of a metallo-stannosilicate for biodiesel production using edible, nonedible and waste oils as feedstocks. In this paper, several stannosilicates were synthesized using different sol-gel chemical compositions. The stannosilicates were physicochemical characterized and, afterwards, used as heterogeneous catalysts in the transesterification of refined palm oil (Elaeis guineensis) by ethanolysis reactions. Furthermore, these materials were also studied as potential inorganic solid matrixes for immobilization of Thermomyces lanuginosus lipase and tested in enzymatic transesterification reactions with the following aims: are metallo-stannosilicates feasible for use as inorganic supports for enzymes immobilization? What can be learned from catalytic results about the appropriated application of different catalysts in specific reactions for biodiesel production?

To the best our knowledge, metallo-stannosilicates were not previously explored as inorganic supports for enzymes immobilization and as heterogeneous catalysts in enzymatic transesterification reactions for biodiesel production by applying the feedstocks (refined palm oil and ethanol) used in this work.




2. Experimental


2.1 Materials

The syntheses of the metallo-stannosilicates, the nickel ion-exchange experiments, the catalytic reactions for biodiesel production and the enzymes immobilization reactions employed the following chemicals: Ludox HS-40 colloidal silica (40 wt.% SiO2 in water), tin chloride pentahydrate (SnCl4•5H2O, 98%), sodium hydroxide (NaOH), potassium hydroxide (KOH), nickel(II) sulfate hexahydrate (NiSO4•6H2O, 98%), Bradford reagent (1-1,400 μg mL–1 protein) and enzyme lipolase 100 L (from Thermomyces lanuginosus lipase, molecular weight 30 kDa, pI 4.4, solution ≥ 100,000 U g–1) were purchased from Sigma-Aldrich (Steinheim, Germany) and used as received, without further purification.

The Thermomyces lanuginosus is a purified enzyme 1,3-specific lipases (EC 3.1.1.3) and industrially produced through the submerged fermentation of a genetically modified Aspergillus oryzae fungus
41
. This lipase was used based on satisfactory results reported by our research group35,36 among other examples of application of this enzyme to biodiesel production
42–44
. Anhydrous ethyl alcohol (99.8%) was purchased from Dinâmica Chemistry (Diadema, Brazil). The refined palm oil (Elaeis guineensis) predominantly composed by palmitic acid (C16), stearic acid (C18), oleic acid (C18:1) and linoleic acid (C18:2) were obtained from Agropalma Company (Belém, Brazil). The gas chromatogram (GC-FID), which illustrates these major components in the oil composition, is illustrated and discussed in the supplementary material.




2.2 Hydrothermal syntheses of stannosilicates

The stannosilicates were synthesized according to experimental procedures adapted from the literature
45,46 
by hydrothermal crystallization in the Na2O-SnO2-SiO2 oxides system. Detailed experimental conditions of all the stannosilicates synthesized are summarized in Tab. 1. A typical synthesis for the material named stannosilicate I, using Sn4+ (SnCl4•5H2O as the tin source) and gel composition of 1Na2O:SnO2:4SiO2:80H2O was performed at the following manner: 14.9 g of sodium hydroxide (NaOH) was dissolved in 20 g of water (solution A). A second solution (solution B) was prepared by dissolving 20 g of SnCl4•5H2O in 30 g of distilled water. This solution B was added to the solution A and homogenized under 500 rpm of stirring during 60 min at 25 °C of temperature (solution C). Finally, solution C was added to 27.4 g of Ludox HS-40 colloidal silica (40 wt.% SiO2 in water) and this final gel was also kept stirring for 30 min at 500 rpm. The sol-gel solution was transferred to a 125 mL teflon-lined stainless-steel autoclave (Parr Instruments Co., Illinois, USA) and kept at 200 °C for 7 days. Afterwards, the reactor was cooled down, the product collected by filtration, washed with distilled water and dried at 100 °C for 12 h.




Table 1.




Summary of the experimental procedures for the metallo-stannosilicates syntheses.
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 *Time of hydrothermal synthesis = 7 days; **Time of hydrothermal synthesis = 21 days; ***The gel was homogenized at 500 rpm for 60 min at ambient temperature of 25 °C.











2.3 Nickel ion-exchange experiments

Prior to the enzyme immobilization, all stannosilicates synthesized were subjected to nickel ion-exchange experiments. The experiments were made as follows: 30 mL of 0.5 mol L–1 NiSO4 solution (3.94 g of NiSO4•6H2O was dissolved in 30 mL of distilled water) was added into a teflon bottle. Afterwards, 1 g of the stannosilicates was added to this solution and kept stirring at 500 rpm for 60 min and 25 °C of temperature. Afterwards, the solution was heated at 80 °C for 24 h. After this period, the nickel-stannosilicates were cooled down, collected by filtration, washed with distilled water and dried at 100 °C for 12 h.




2.4 Physicochemical characterization of the solid materials


2.4.1 X-ray diffraction, BET-N2 surface area and SEM-EDS

All the stannosilicates synthesized were characterized by XRD using a Rigaku Miniflex (Rigaku, Tokyo, Japan) operated at 40 kV, 15 mA and using a Ni-filtered Cu-Kα radiation (λ = 1.5418 Å) in the range of 2θ from 3 to 80° with goniometer rate of 2° (2θ) min–1. Surface area measurements at 77 K were performed on a Micromeritics ASAP 2020 (Micrometrics Instrument Corporation, Norcross, USA) using the facilities of the BAM Federal Institute for Materials Research and Testing (Division 1.3. Structural Analysis, Berlin, Germany). Prior to the measurement, all samples were degassed at temperature of 300 °C and pressure of 5 × 10–5 mbar for 3 h, and isotherms were processed by the BET (Brunauer–Emmett–Teller) method
47
. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectrometry (EDS) results were recorded on a FEI Inspect F50 (FEI Instruments, Oregon, USA) using the facilities of the Brazilian National Laboratory of Nanotechnology (LNNano, Electron Microscopy Laboratory, Campinas, Brazil). The electronic microscope is equipped with a Schottky field emission source, probe current at 200 nA and an electron beam with accelerating voltages between 0.2 and 30 kV.




2.4.2 Solid-state MAS NMR

Solid-state magic angle spinning NMR (MAS NMR) experiments were performed using the facilities of the BAM Federal Institute for Materials Research and Testing (Division 1.3. Structural Analysis, Berlin, Germany). The fully hydrated metallo-stannosilicates samples were characterized by 29Si and 119Sn Single-Pulse MAS NMR using a Bruker Avance 400 spectrometer (9.4 T). The data were analyzed and processed in the software TopSpin 3.6.2 version. All the experiments were carried out at room temperature and the samples were filled into zirconia rotors equipped with Kel-F caps (Bruker, Wissembourg, France) of 7 and 4 mm for 29Si and 119Sn nuclei, respectively. The 29Si single-pulse MAS NMR spectra were obtained using radiofrequency pulses at the Larmor frequency of 79.5 MHz, MAS frequency of 6.5 kHz, 90° pulse length of 6.0 μs and recycle delay of 300 s. 1H{29Si} cross-polarization (CPMAS) experiments were also made by applying 90° pulse of 3.0 µs, cross-polarization time of 6.0 ms and repetition time of 3.0 s were used in order to maximize 29Si signal intensities. A 50% amplitude CP ramp and TPPM15 (decoupling power level is the same as for the 90° 1H pulse of 3.0 μs) was also applied. The 29Si chemical shifts were reported relative to kaolinite as secondary reference (δ = - 91.5 ppm). The 119Sn single-pulse MAS NMR spectra were obtained using radiofrequency pulses at the Larmor frequency of 149.1 MHz, MAS frequency of 12.5 kHz, 90° pulse length of 2.5 μs and recycle delay of 600 s. The 119Sn chemical shifts were reported relative to SnO2 (δ = - 604 ppm)
48
.




2.4.3 Zeta potential of the stannosilicates and stannosilicates-lipases complexes

The zeta potential of the stannosilicates and stannosilicates-enzymes complexes were measured in a Nano Zetasizer ZS90 equipment (Malvern Instruments, Worcester Shire, UK). Prior to the measurements, 1 mg of the materials and 1 mL of deionized water were placed in Eppendorf tubes and stabilized during 30 min at 25 °C, and then transferred to a DTS1060 cell, equipped with golden electrodes. A wide angle (90°) laser Doppler velocimetry was used to measure the electrophoretic mobility and the ζ potential (zeta potential), expressed in mV, was calculated by Smoluchowski equation
49
.






2.5 Enzymes immobilization on the stannosilicates

The enzymes immobilization experiments were made in triplicate, according to adapted procedures from the literature
35,50
. The initial concentration of 2 mg mL–1 of the commercial lipases (enzyme Lipolase 100 L, from Thermomyces lanuginosus lipase) was added in a phosphate buffer solution, 20 mmol L–1 and pH 7, according to a proportion of 1:40 (25 µL of commercial lipase:1 mL phosphate buffer:50 mg of stannosilicates) and stirred at 300 rpm for 16 h at room temperature of 25 °C, followed by the separation of stannosilicates-lipases complexes via centrifugation at 12,000 rpm for 1 min. The products were washed twice with deionized water, dried at 25 °C overnight and stored at 4 °C. The amount of the enzymes immobilized was determined according to proposed by Bradford
51 
and based on procedures adapted from the literature
52
.




2.6 Determination of percentual of enzymes immobilized on the stannosilicates

The percentual of Thermomyces lanuginosus lipase immobilized on the stannosilicates supports were determined by the method described Bradford
46
, which uses bovine serum albumin as standard and its absorption in the ultraviolet wavelength (λ = 595 nm). For these measurements, three different solutions were prepared, previously the measurements: (a) supernatant solution that remain after the enzymes immobilization reactions, (b) a solution with the same quantity of enzymes prepared for the immobilization reaction, diluted in the phosphate buffer solution (20 mM and pH 7) and (c) only the same amount of the phosphate buffer solution, which has its absorbance subtracted of the other solutions. Afterwards, a mixture of Bradford reagent (1–1,400 μg mL–1 protein, Sigma Aldrich, Germany) and the samples described above were mixed in the proportion of 1:20 (50 µL of solution:950 µL of Bradford reagent) and kept out of the luminosity for 20 min. The percentage of enzymes immobilized was calculated from the relationship
52
 shown in Eq. 1:
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2.7 Enzymatic hydrolytic activity of stannosilicates-enzymes complexes

The enzymatic hydrolytic activity of stannosilicate-enzymes complexes was determined by titrimetric method
35,53
 and following ACS specifications in the sigma standard enzymatic assays for lipases (triacylglycerol acylhydrolases, E.C.3.1.1.3). Since that, the enzymatic activity is obtained by a hydrolysis reaction, one unit of lipase activity was defined as the amount stannosilicate-enzymes complexes releasing one mole of FFAs from a triacylglyceride source in 1 h of reaction at 40 ± 2 °C, expressed by the unity of U mg–1 (unit of lipase activity/mg of stannosilicate-enzymes complexes). In a typical measurement, 10 mL of a mixture containing 20 mmol L–1 at pH 7 of phosphate buffer and a triacylglyceride substrate (refined soybean oil, Glycine max) was prepared in the volume proportion of 1:1.

This solution was thoroughly mixed and equilibrated at 37 °C. Afterwards, 30 mg of the stannosilicates-enzymes complexes was added and the reaction maintained at 37 °C for 30 min. Finally, the reaction was quenched by adding 3 mL of ethanol (95 %, Sigma Aldrich, Steinheim, Germany) and then cooled to the temperature of - 4 °C by using a mixture of ice and ethanol for 10 min. The solution was centrifuged at 12,000 rpm for 1 min and the FFAs obtained as a result of the enzymatic hydrolysis reaction were neutralized by a titration with a solution of 50 mmol L–1 NaOH in the presence of thymolphthalein as indicator. One unit of stannosilicate-enzymes activity was expressed as micro equivalents of FFAs released from the triacylglyceride substrate in 1 h at 37 °C, calculated according to Eq. 2:
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NaOH = volume (mL)

1000 = conversion factor from 10–3 equivalents to 10–6 equivalents

2 = time conversion factor from 30 min to 1 h (unit definition)

Mass of the solid = mass (mg) of stannosilicate-lipase complexes used in the hydrolysis reaction.




2.8 Enzymatic transesterification of refined palm oil (Elaeis guineensis) for FAEEs production

Enzymatic transesterification of refined palm oil (Elaeis guineensis) by ethanolysis reaction catalyzed by free enzymes and stannosilicate-enzymes complexes were performed in 10 mL flasks, with an oil:ethanol ratio of 1:4, 3% of stannosilicates-enzymes complexes referred to the oil mass and temperature of 40 ± 2 °C for 48 h. In order to avoid the inactivation of the enzymes, the total amount of ethanol was equally divided and added stepwise over four different time intervals (0, 3, 6 and 12 h after the start of the reaction). Afterwards, FAEEs and glycerol were separated by centrifugation at 12,000 rpm for 1 min.




2.9 Heterogeneous transesterification of refined palm oil (Elaeis guineensis) for FAEEs production

Syntheses of FAEEs through the heterogeneous transesterification reactions were performed in triplicate (as performed for the enzymatic transesterification reactions) using refined palm oil (Elaeis guineensis) as triacylglycerides feedstock. In a typical transesterification reaction, 20.0 g of refined palm oil (FFAs content = 0.3 wt.%, acid value of 0.6 mg KOH g–1) was added in a 100 mL open glass reactor (catalytic reaction made at atmosphere pressure) with a reflux condenser, in a thermostatic bath equipped with a magnetic stirrer. Anhydrous ethyl alcohol was added according to alcohol:oil molar ratio of 1:30. The appropriate amount of catalyst (3% of heterogeneous catalyst referred to oil mass) was added and the mixture heated at 100 °C for 12 h, magnetic stirrer was set at 900 rpm and the reflux temperature adjusted of 10 ± 2 °C. After the reaction time, the mixture was filtered, the excess of alcohol was removed using a rotary evaporator (Büchi Rotavapor R-210, Flawil, Switzerland) and glycerol were separated by centrifugation at 12,000 rpm for 1 min.




2.10 Quantification of FAEEs yields by gas chromatography (GC-FID)

The measurements of FAEEs yields were made under the following experimental conditions: the measurements were made in a gas chromatograph (PerkinElmer, Massachusetts, USA) using a sample injection volume of 1 mL, helium as gas carrier at a flow rate of 2 mL min–1 and pressure of 83 kPa, injector and detector temperatures of 250 °C. The oven temperature started at 50 °C for 1 min, increased up to 250 °C at a rate of 5 °C min–1. In a typical measurement, solutions of 20 mg mL–1 of the ethyl myristate (C14:0) and ethyl nervonate (C24:1) standards were prepared. Additionally, an ethylic nonadecanoate standard solution was prepared in a concentration of 10 mg mL–1. The range of peaks integration were identified using the ethyl ester standards C14:0, C24:1 and an ethylic ester (C19:0) as the internal standard (IS). The FAEEs contents were obtained by integrating the peak areas from C14:0 to C24:1 and subtracting the nonadecanoate area, according to Eq. 3:
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∑A = sum of the areas of all peaks ranging from C14:0 and C24:0

AIS = C19:0 internal standard area

CIS = concentration (mg mL–1) of the C19:0 solution

VIS = volume of the C19:0 solution added to sample

m = mass of the FAEEs sample (mg)






3. Results and Discussion


3.1 Physicochemical characterization of the stannosilicates

The XRD patterns of the stannosilicates synthesized according to sol-gel chemical compositions detailed in Tab. 1 are shown in Fig. 1a. The stannosilicate I presented a XRD pattern characteristic of a crystalline material and has structural similarity with the stannosilicate AV-10
54
. The stannosilicate AV-10 has an orthorhombic unit cell (a = 7.945 Å, b = 10.344 Å and c = 11.625 Å) and its gel composition (8.5Na2O:5.4SiO2:1.0SnO2:115H2O) contained lowest SiO2:Na2O ratio (≈ 0.6) in comparison with stannosilicate I (≈ 4.0). X-ray diffraction patterns of stannosilicate II (gel composition of 2Na2O:Sn2O:4SiO2:80H2O) indicate the formation of a new microporous material (XRD pattern not reported previously), while the stannosilicate V (gel composition of 5Na2O:Sn2O:10SiO2:80H2O) is similar to phase L
46
. The effects of the sol-gel composition were observed in the crystallization of these materials. The experimental evidences indicated that SiO2:Na2O ratio in the range of 5–10, as the ones used for the syntheses of stannosilicates III (2Na2O:Sn2O:10SiO2:80H2O) and stannosilicates IV (1Na2O:Sn2O:10SiO2:80H2O), induce the formation of tin oxide, clearly noticed in the XRD pattern of the stannosilicate III (Fig. 1a), as most of diffraction peaks were assigned to the SnO2 phase (JCPDS 41-1445).
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Figure 1.



X-ray powder diffraction patterns of metallo-stannosilicates (a) before and (b) after the nickel ion-exchange experiments (a.u. = arbitrary units).















The 29Si Single-Pulse MAS NMR results are shown in Fig. 2. The result for stannosilicate I (spectrum not shown) is similar to reported for stannosilicate AV-10
54
. The spectrum presents two resonances lines with chemical shift positions at δ1 = - 87.0 ppm and δ2 = - 88.7 ppm with relative intensities of 1:2 and are associated with the Si(2Si, 2Sn) environment. This similarity between both materials was proved recently by our research group
55
 in a solid-state NMR study, where the stannosilicate I was used as a model compound for developing a solid-state NMR strategy to verify the connectivity of SiO4 and SnO6 polyhedral, despite the very low natural abundances of 4.68% for 29Si and 8.59% for 29Si and 119Sn nuclei, respectively. The 29Si{119Sn} and 119Sn{29Si} REDOR (rotational-echo double-resonance) NMR, 29Si{119Sn} and 119Sn{29Si} REPT-HMQC (recoupled polarization transfer-heteronuclear multiple-quantum correlation) NMR and 2D 29Si INADEQUATE NMR experiments using the crystallographic data of the sodium stannosilicate AV-10 (chemical composition Na2SnSi3O9∙2H2O) proved that both stannosilicates consist of the same materials.
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Figure 2.




 29Si single-pulse MAS NMR spectra of stannosilicates II, III, IV and V.















The 29Si single-pulse MAS NMR spectra for the stannosilicates II, III, IV and V can be analyzed based in the seminal researches for 29Si solid-state MAS NMR of aluminosilicates structures56,57. Deconvolution of the spectrum for the stannosilicate II have resulted in seven resonance lines with the following chemical shifts values: δ1 = - 76.7 ppm, δ2 = - 79.1 ppm, δ3 = - 80.4 ppm, δ4 = - 81.5 ppm, δ5 = - 83.7 ppm, δ6 = - 84.8 ppm and δ7 = - 85.8 ppm. The 29Si single-pulse MAS NMR spectrum for the stannosilicate III showed two resonances lines with chemical shifts at δ1 = - 102.2 ppm and δ2 = - 111.4 ppm, which are associated to the Si(3Si, 1Sn) and Si(4Si) environments, respectively. The stannosilicate IV showed a spectrum with two resonance lines at δ1 = - 101.9 ppm and δ2 = - 111.4 ppm positions. The 29Si single-pulse MAS NMR spectrum for the stannosilicate V shows six resonance lines with the following chemical shift values: δ1 = - 76.4 ppm, δ2 = - 78.7 ppm, δ3 = - 81.0 ppm, δ4 = - 85.0 ppm, δ5 = - 99.4 ppm and δ6 = - 111.6 ppm. The results in the chemical shift range from δ = - 97.1 ppm to δ = - 111.6 ppm are associated to the Si(3Si, 1Sn) and Si(4Si) environments.

The 119Sn single-pulse MAS NMR spectra are shown in Fig. 3. The stannosilicate III presents a chemical shift at the position of δ = - 604 ppm, therefore confirming the formation of a pure SnO2 phase
14
. The stannosilicates IV presented weak 119Sn MAS NMR signals (spectra not shown). The 119Sn single-pulse MAS NMR spectra of the stannosilicates I, II and V have shown chemical shifts in the range from δ = - 660 ppm to δ = - 720 ppm, which are assigned to the tin species in the Sn4+ oxidation state
58,59
.
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Figure 3.




119Sn single-pulse MAS NMR spectra of stannosilicates I, II, III and V (*spinning sidebands, MAS frequency of 12.5 kHz).















Surface area results obtained by BET-N2 isotherms are shown in Tab. 1. The materials have low surface areas and maximum values were observed for the stannosilicates III and IV (86.95 and 50.45 m2 g–1, respectively), which are similar to the values reported in the literature for the SnO2 nanoparticles synthesized by different methods
60–62
. The morphology of the stannosilicates is shown in Figs. 4 and 5. The crystalline stannosilicate I (Fig. 4a) consist of micrometric plates with dimensions of 2 × 1 × 0.2 µm. The stannosilicates II and V (Fig. 4b and 4c, respectively) are built up by micrometric plates, while an aggregate of spherical particles with particles size smaller than 100 nm were observed for stannosilicates III and IV (Fig. 5a and 5b, respectively).
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Figure 4.



Scanning electron microscope images of stannosilicates (a) I, (b) II and (c) V.
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Figure 5.



Scanning electron microscope images of stannosilicates (a) III and (b) IV.


















3.2 Enzymes immobilization and enzymatic activity of the stannosilicate-enzymes complexes

Prior to the enzyme immobilization, the stannosilicates were submitted to nickel ion-exchange reactions. The important role played by nickel in enzymes immobilization and enzymatic activity has been reported previously
34,35
 and was also observed here for the stannosilicates supports nickel-exchanged. The amount of Ni2+ incorporated on the stannosilicates were determined by EDS analyses and the results are shown in Tab. 2. The nickel ion-exchange reactions have not caused significative changes in the stannosilicates structures (Fig. 1b). The zeta potential measurements of the as-made stannosilicates and the nickel-stannosilicates are also presented in Tab. 2 and the results showed an increase in the surface charge after the nickel-exchange reactions (except for the stannosilicate III, which presented the lowest amount of nickel), as well as the percentual of immobilized enzymes (Tab. 3). The enzymatic activity of stannosilicates-enzymes complexes is also presented in Tab. 3: the as-made stannosilicate III enzymes and stannosilicate IV-Ni2+-enzymes presented the highest enzymatic activities of 52.3 ± 3.8 and 58.0 ± 3.2 U mg–1, respectively.




Table 2.




Zeta potential (before and after nickel ion-exchange experiments) for the metallo-stannosilicates synthesized and nickel composition determined by energy dispersive X-ray spectroscopy (EDS).
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Table 3.




Percentage of Thermomyces lanuginosus lipase immobilized on the as-made stannosilicates and stannosilicates-nickel materials. In the table also are presented the enzymatic activity results for the as-made stannosilicates-enzymes and stannosilicates-Ni2+-enzymes complexes.
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3.3 Fatty acid ethyl esters production by transesterification of refined palm oil (Elaeis guineensis) using stannosilicates and stannosilicates-enzymes complexes as heterogeneous catalysts

Fatty acid ethyl esters yields obtained in the heterogeneous transesterification of refined palm oil (Elaeis guineensis) are shown in the Tab. 4. The as-made stannosilicates I, III and IV have shown no catalytic activity (FAEEs yields below 5%), while the catalytic conversion of triacylglycerides using the stannosilicates II (Na:Sn = 2.0 ± 0.2) and V (Na:Sn = 4.1 ± 0.7) have yielded 28.3 ± 0.2% and 60.8 ± 0.5%, respectively. The FAEEs yields using the stannosilicates-Ni2+-enzymes complexes as enzymatic catalysts are also presented in Tab. 4. The triacylglycerides conversion into FAEEs using the stannosilicates-Ni2+-enzymes complexes I, III and IV have yielded the following amounts of FAEEs: stannosilicate I Ni2+ enzyme 63.3 ± 0.7%, stannosilicate III Ni2+ enzyme 39.9 ± 0.3 % and stannosilicate IV-Ni2+-enzyme 38.5 ± 0.7 %. An example of gas chromatogram (GC-FID) for the highest FAEEs conversion (stannosilicate I Ni2+ enzyme as biocatalyst) is illustrated in the supplementary material. It should be noticed that these metallo-stannosilicates in their as-made forms have shown no catalytic activity, nevertheless these positive catalytic results indicate their possible application as solid matrixes for enzymes immobilization.

The results indicated that the highest yield of FAEEs was obtained for the stannosilicate I Ni2+ enzyme complex, which has 29 ± 9% of enzymes immobilized. In order to verify the possible occurrence of a synergistic effect as reported by other authors
34,35
, the equivalent amount of enzyme immobilized on this catalyst was used in its free form in the transesterification of refined palm oil (Elaeis guineensis) under the same experimental condition. The FAEEs yield of 6.3 ± 0.3% obtained in this reaction is a clear evidence of a synergistic effect among the nickel-stannosilicates used as inorganic supports and the Thermomyces lanuginosus lipase applied in transesterification reactions for biodiesel production.




Table 4.




Results for the FAEEs yields by the transesterification of refined palm oil (Elaeis guineensis) using the as-made stannosilicates and stannosilicate-Ni2+-enzymes complexes as heterogeneous catalysts.
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 *Experimental conditions: reactions were made in an open glass reactor (reflux condenser), temperature = 100 °C, oil:alcohol molar ratio = 1:30, time of reaction = 12 h and amount of catalyst = 3% of catalyst referred to oil mass;**Experimental conditions: reactions were made in 10 mL flasks, temperature = 40 ± 2 °C, time of reaction = 48 h, oil:alcohol molar ratio = 1:4 and amount of catalyst = 5% referred to oil mass;

***FAEEs yield for the amount of free enzyme immobilized on this support (29 ± 9%) applied in catalytic reaction = 6.3 ± 0.3%.















4. Conclusions

Several metallo-stannosilicates were synthesized and characterized by XRD, SEM, BET-N2 surface area and solid-state MAS NMR (29Si and 119Sn nuclei) techniques. These materials were studied as potential inorganic solid matrixes for immobilization of Thermomyces lanuginosus lipase and also as heterogeneous catalysts in the transesterification of refined palm oil (Elaeis guineensis) by ethanolysis reactions. The results were promising, since that as-made and nickel-exchanged stannosilicates were able to immobilize from 5 ± 2% to 82 ± 6% of enzymes and presented enzymatic activity varying from 1.0 ± 0.4 U mg–1 to 58 ± 3 U mg–1. Some of these as-made materials, when applied as heterogeneous catalysts, presented no catalytic activity. However, when applied as biocatalysts in enzymatic transesterification reactions, stannosilicate-Ni+2-enzymes produced FAEEs yields varying from 38.5 ± 0.7% to 63.3 ± 0.7%. These results are an evidence of a synergistic effect among the stannosilicates and enzymes, contributing to the advancement of research in the field of biodiesel production since these results were not reported previously for this class of mixed framework oxides.
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