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Abstract

:

A novel magnetic catalyst with hollow cylinder shape based on K2CO3/γ-Al2O3/Sepiolite/CoFe2O4 was prepared to convert macroalgae oil (Fucus vesiculosus) into biodiesel in an unconventional reactor assisted by magnetic field. Catalysts were formulated by the extrusion and characterized satisfactorily by physicochemical (mechanical strength, XRD, TG/DTG, FTIR and TPD-CO2), magnetic (VSM and EPR), morphological (SEM) and textural properties (BET). While their catalytic performance was also evaluated at 70 °C, oil: ethanol molar ratio 1:12 and 6 wt.% of catalyst using two different reaction systems for comparative purposes: (a) conventional stirred reactor and (b) fluidized bed reactor assisted by a magnetic field. The attained biodiesel presents properties in accordance with the standard limits (ASTM and EN) and total conversion (>99%) was observed in both cases after 2 h of reaction without significant differences between the two reactors. However, the magnetic properties of these catalysts allowed stabilization of the bed under a magnetic field and easy magnetic catalyst separation/recovery at the reaction end, showing their great potential for biodiesel production with regard to conventional process and thus, transforming it into a more sustainable technology.
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1. Introduction


Currently, around 80% of the energy consumed in the world comes from petroleum and its derivatives [1]. Therefore, global warming caused by the constant use of these fuels is a concern, and has been constantly discussed by scientific communities and governments around the world. Global greenhouse gas emissions are already recorded at 52 GtCO2e (tons of carbon dioxide equivalent) and it is estimated that from 2030 onwards, emissions of these pollutants could reach 58 GtCO2e per year. However, it has been extensively discussed that to keep global warming below 1.5 °C, the emissions of these gases must be reduced up to 30 GtCO2e per year by 2030 [1]. Despite efforts to reach the desired levels on the world stage, the use of renewable energies and the inclusion of biofuels does not seem to exceed 20% of global consumption, even when the demand for biofuels, such as bioethanol, biodiesel, HVO, biogas and biobutanol, has increased each year. In the case of biodiesel production, which is the focus of this work, in 2020, its world production was 39 billion liters, and the largest producers were Indonesia, Brazil, the United States, Germany and France [2].



The main challenges for biodiesel production still involve the use of non-edible oils as raw material, new applications for the use of glycerol and technological improvements to reduce the production cost, including the development of new industrial processes and heterogeneous catalysts with low cost, among others [3]. Soybeans have a large share in the production of biodiesel. In Brazil, for instance, it has been the major feedstock around two decades, essentially due to advances in genetic studies that have enabled the use of new varieties resistant to pests and soil and climatic conditions. There are, however, expectations that some non-edible oil plants will gain space in the biodiesel production chain in the coming years. Obviously, this will only take place as technological advances in agriculture are achieved, especially in regard to oil plants with higher energy density than soybeans, i.e., with higher oil content in the seeds, such as: forage turnip oil [4], rubber seed oil [5], macaw and Jatropha [6], jeriva [7] and rice bran oil [8], among others.



Moreover, the relevance of microalgae oil as feedstock for biodiesel production has also been extensively reported due to its high oil content [9,10,11,12,13,14,15,16]. However, further research is needed to reduce the processing costs for these biomasses. In fact, according to Draaisma et al. [17], one of the main economic hurdles associated with the conversion of microalgae to biofuels is the energy cost of harvesting them.



On the other hand, van Hal et al. [18] consider that the energy costs of harvesting are not so troublesome for macroalgae due to their larger size, although they do not present a significant content of lipids compared to microalgae. Besides, macroalgae, also known as seaweeds, are attractively evaluated as a feedstock nowadays for the production of biofuels, including biomethane [19,20,21,22]; bio-oil [23,24,25]; bioethanol [26,27,28,29,30] and biodiesel [31,32,33,34,35,36,37,38,39], and to attain several important bioproducts for chemical and pharmaceutical applications [40].



F. vesiculosus has already been explored for the production of bio-oil [24] and biomethane [21], thus, it may be interesting to explore its potential for biodiesel production with this macroalgae in mind as feedstock for an integrated process. In addition, this macroalgae oil may be an alternative to edible oils, seeking to mitigate the energy vs. food conflicts besides biorefinery applications. In recent years, our research group has been studying biofuel production by unconventional process, among which, reactors/bioreactors assisted by magnetic field stand out [41,42,43,44,45].



Thus, the aim of this work was to evaluate the potential of macroalgae oil from F. vesiculosus for biodiesel production by unconventional means, i.e., in a bioreactor assisted by magnetic field using a magnetic catalyst based on K2CO3/γ-Al2O3/Sepiolite/CoFe2O4 and ethanol by chemical transesterification.




2. Materials and Methods


2.1. Materials


Macroalgae (Fucus vesiculosus) oil was purchased from GRAN OILS (Santo André-SP, Brazil). Boehmite (Pural SB Sasol (Spain) containing 85% of Al2O3) was used as γ-Al2O3 precursor and sepiolite (Pansil 100-TOLSA, S.A.—SPAIN 60%) were used as permanent binder. Iron chloride II (FeCl2) (Alfa Aesar—USA, 99.5%), cobalt chloride II (CoCl2) (Sigma Aldrich Brazil, 97%), Iron chloride III (FeCl3) (Sigma Aldrich, 99%) and sodium hydroxide (NaOH) (Sigma Aldrich Brazil) were used for magnetic particle synthesis. Potassium carbonate (K2CO3) (Scharlau—Spain, 99%) was used as active phase and anhydrous ethanol (C2H6O) (Scharlau—Spain, reagent grade) was used as reagent alcohol.




2.2. Experimental Methods


2.2.1. Cobalt Ferrites Synthesis


Cobalt ferrites nanoparticles were prepared by the co-precipitation method, as described by [45]. After synthesis, the cobalt ferrites nanoparticles were filtered and washed with deionized water to remove the chloride ions, then they were washed with ethanol to ensure the removal of all residues from the synthesis. Finally, the nanoparticles were dried at 80 °C under vacuum for 24 h to remove the ethanol, then calcined in muffle with air atmosphere.




2.2.2. Preparation of Magnetic Catalysts


Catalysts with magnetic properties were prepared by mixing 175 g of potassium carbonate, 400.2 g of Boehmite (precursor to γ-Al2O3), 97.5 g of sepiolite and 150 g of cobalt ferrites, then slowly adding water (423 g) until a homogeneous mass was attained, which was then extruded using an extruder (2209 model, from Bonnot Company, USA) at 9 rpm. The extruded catalysts were dried at 105 °C up to constant weight and subjected to calcination at 500 °C for 4 h, resulting in K2CO3/γ-Al2O3/Sepiolite/CoFe2O4.




2.2.3. Biodiesel Synthesis by Chemical Transesterification


The transesterification reaction was carried out using macroalgae oil with oil: ethanol molar ratio 1:12, but the catalyst mass was varied by 4, 6 and 8%, and the reaction temperature to 60, 70 and 80 °C, using two different reaction systems for comparison purposes: (1) conventional stirred tank glass reactor at 200 rpm; (2) reactor assisted by an extremely low frequency (ELF) magnetic field. The reactor is basically formed by a glass column with the jacket for temperature control of the reactional medium and height/diameter (H/D) ratio = 250/14 mm. The magnetic catalyst was subjected to the axial magnetic field at 12 mT with reactional medium recycle, as described by Silveira Junior et al. [44]. Biodiesel formation kinetics were monitored as a function of fatty acid ethyl esters (FAEEs) produced by gas chromatography using a Shimadzu GC 2014 instrument (Shimadzu, Japan). Briefly, the injector and detector temperatures were set at 250 °C. Nitrogenous was used as the carrier gas, with a flow of 3 mL/min. The chromatographic column used was a BD 6584 (15 m × 0.32 mm × 0.1 μm) that was kept at 50 °C for 1 min, heated to 180 °C at 15 °C/min, then to 300 °C at 7 °C/min, and maintained constant for 10 min. The quantitative analysis of the FAEEs was formed based on the “Relative Peak Areas Method” considering the area of the target component peak as a proportion of the total area from all detected peaks [46].





2.3. Analytical Methods


2.3.1. Magnetic Catalyst Characterization


Thermogravimetric Analysis (TG/DTG)


The Thermogravimetric and Derivative Thermogravimetric curves (TG/DTG) was obtained in a TGA-Q50 equipment (TA Instruments, New Castle, DE, USA). Approximately 10 mg of samples was added to platinum crucible of the 90 μL. The analysis was performed with heating rate of 10 °C min−1 from room temperature to 900 °C, under synthetic air atmosphere with a flow of 60 mL min−1 in the oven and 40 mL min−1 of nitrogen atmosphere in the balance. To ensure the accuracy of the results, before obtaining the TG/DTG curves, the equipment was calibrated for thermo mass balance adjustment with standard weights of 100 mg and 1000 mg and the temperature adjusted by determination of the Curie Point Temperature of Nickel (358 °C) [44,45].




Scanning Electron Microscopy (SEM)


Samples of not calcined and calcined catalysts were mounted on carbon adhesive tape affixed to aluminum stubs and subsequently coated with platinum in a Sputter Coater Device (BAL-TEC SCD 005 Cool Sputter Coater). The samples were viewed using a LEO EVO 40 XVP scanning electron microscope (Carl Zeiss, Germany) at 15 kV. Micrographs were obtained at a magnification of 1800× for a comparative structural analysis of cell units and tissue patterns.




X-ray Diffraction


Structural analysis was carried out by X-ray diffractometry (XRD, X’Pert PRO Theta/2theta, PANalytical, The Netherlands). The patterns were recorded over the angular range of 5–90° (2θ) with a step size of 0.0334° and a time per step of 100 s, using Cu Kα radiation (λ = 0.154056 nm) with a working voltage and current of 40 kV and 100 mA, respectively.




Magnetic Properties Analysis of the Magnetic Catalysts


The magnetic properties of the CoFe2O4 nanoparticles and magnetic catalyst were performed by magnetization measurements by vibrating-sample magnetometer (VSM) and EPR analysis. VSM analysis were carried out on a SQUID vibrating-sample magnetometer (Quantum Design® models MPMS 57, MPMS 7T) and the temperature and field dependence of the samples were recorded on a Quantum Design MPMS-XL superconducting quantum interference device (SQUID). ZFC/FC measurements were performed in the 0–330 K temperature ranges with an applied field of 10,000 Oe. While, the X-band EPR spectra were recorded in situ on a CW Bruker EMX 300 spectrometer equipped with a Bruker TE102 cavity and Advanced Research System Helitran temperature control unit (10–300 K). The microwave frequency was measured with a Hewlett–Packard 5246L electronic counter [44,45].




Mechanical Strength


The mechanical strength of the magnetic catalyst was measured using a dynamometer in terms of burst pressure (Chatillon, NY, USA, LTMC model) applied on the external surface of the magnetic catalyst up to their rupture, according to the Standard Test Method for Radial Crush Strength of Extruded Catalyst Particles (ASTM D6175-98).




B.E.T Analysis


Specific surface area was calculated from nitrogen adsorption/desorption isotherms obtained at −196 °C in an ASAP 2420 apparatus (Micromeritics Instrument Corp., GA, USA) [47,48].




Chemisorption Analysis (CO2-TPD)


Chemisorption analysis was carried out through the temperature programmed desorption profiles of CO2 (CO2-TPD) using apparatus with a mass detector (AutoChem II 2920V4.01 model from Micromeritics Instrument Corp., GA-USA) as describe by Silveira Junior et al. [3].





2.3.2. Characterization of Macroalgae Oil and Biodiesel Quality


Color Analysis of Macroalgae Oil


The color of macroalgae oil was characterized by CIE-Lab space method using a Spectrophotometer (Hunterlab MiniScan XE Plus, Virginia, USA) calibrated to a standard white and black reflective plate to obtain L*, a*, and b* values. A D65 illuminant and a 10° standard observer were employed. The measurements were taken at two equidistant points in the equatorial region of the sun-exposed and non-exposed sides of the oil. The proportion of green oil color was determined in relation to the full change of the Hunter a parameter.




Macroalgae Oil Composition


The macroalgae oil composition was determined by gas chromatography using a Shimadzu GC 2014 instrument (Shimadzu, Japan). Briefly, the injector and detector temperatures were set at 250 °C. Nitrogenous was used as the carrier gas with a flow of 3 mL/min. The chromatographic column used was a BD 6584 (15 m × 0.32 mm × 0.1 μm) that was kept at 50 °C for 1 min, heated to 180 °C at 15 °C/min, then to 300 °C at 7 °C/min and maintained constant for 10 min. For quantitative analysis of the FAEEs formed, the C4–C24 standard FAEEs from Supelco was used.




Macroalgae Oil and Biodiesel Quality


Other physicochemical analyses were carried out to evaluate both the macroalgae oil properties and the biodiesel quality, according to several standard methods (US Standard-ASTM D6751 and European Standard-EN 14213). Thus, density (ASTM D1298), kinematic viscosity (ASTM D445), acid number (ASTM D664) and oxidative stability (Rancimat test) at 110 °C (EN 14112) were considered.







3. Results


As previously described, this work had the novelty of producing biodiesel from macroalgae oil (Fucus vesiculosus) via ethanol by heterogeneous catalysis using extruded catalysts with magnetic properties. Regarding macroalgae, despite their oil yield being less than 10% by weight [31,34,36], the exploration of this type of raw material for biodiesel production is interesting due to its unsaturated fatty acid composition, which is around 85.73% (Figure 1a). This oil is relatively greenish in color (Figure 1b), as validated by colorimetric analysis according to CieLab color space (L* = 60 ± 0.05; a* = −20 ± 0.05 and b* = 70 ± 0.04). Furthermore, this oil has an acidity index of 2.66 mg KOH/g, which, being less than 3.0 mg KOH/g, does not need a previous step of esterification, and therefore, is an attractive raw material of good quality for biodiesel production. This result is even more important when compared to oils from other macroalgae sources reported in the literature, which have much higher acidity indexes, such as Enteromorpha compressa oil, which reaches 12.60 mg KOH/g [38]; oil of Ulva fasciata, which can present between 9.3–13.73 mg KOH/g [34,49] and oil of Melanothamnus afaqhusainii, which can reach up to 18.2 mg KOH/g [33].



On the other hand, the catalyst developed for this study was an extruded derivative with the hollow cylindrical noodle geometry, whose basic dimensions are shown in Figure 2. This catalyst containing magnetic particles (CoFe2O4) was prepared to carry out chemical transesterification reactions from macroalgae oil and ethanol with oil: ethanol molar ratio 1:12 in a reactor assisted by magnetic field with axial field lines seeking by this way of magnetic catalysts stabilization inside the reactor.



Initially, the prepared catalyst was characterized from the structural point of view, and its thermal stability and morphology through XRD, FTIR, TG/DTG, and SEM analyses. Figure 3 shows the XRD diffractograms referring to the cobalt ferrite nanoparticles and the catalyst with magnetic properties. As can be seen, the cobalt ferrites have characteristic diffraction peaks corresponding to CoFe2O4, as corroborated by the Joint Committee on Powder Diffraction Standards (JCPDS #022-1086) and also in accordance with works reported in the literature [50,51]. In the case of the catalyst with magnetic properties, the active phase (K2Co2Mg3Si12O30) in the catalyst was confirmed between 2θ = 20° and 40° (JCPDS #049-0361).



Figure 4 shows the thermal stability of the catalyst with magnetic properties according to the thermogravimetric analysis (TG/DTG). The thermal events that represent mass losses can be observed in the TG/DTG curves (the first up to 100 °C and the second around 200 °C), referring to free water and adsorbed water on the catalyst surface. While, around 450 °C, the loss of mass is attributed to structural water, that is, related to the decomposition of structural hydroxyl groups (-OH), and at this temperature range, there is a phase change from boehmite to γ-Al2O3 formation. At 800 °C, there is also a loss of mass due to the sepiolite thermodecomposition, resulting in enstatite. In addition, calcination temperatures below 800 °C do not affect the composition of the catalyst’s active phase (K2CO3); however, above 850 °C, potassium carbonate releases CO2, forming potassium oxide. Thus, 500 °C seems to be the proper calcination temperature for the final preparation of this catalyst, and obviously, the active phase in the form of K2CO3 on γ-Al2O3/Sepiolite/CoFe2O4 after calcination favors the formation of biodiesel at a reaction temperature of 70 °C [3].



Furthermore, by SEM analysis, it was also possible to confirm changes in the morphology of the catalyst after calcination (Figure 5). The sepiolite used in the catalyst composition acts as permanent binder between the active phase (K2CO3) and the support (γ-Al2O3/CoFe2O4). This additive has a fibrous structure that plays an important role in catalyst extrusion. After calcination, due to loss of water, it is possible to discriminate the clay fibers that vary between 10 to 20 µm in length, probably binding the components of the extruded catalyst. In addition, sepiolite not only acts as a binder, but also becomes a ceramic material after calcination, thus providing a high mechanical resistance to catalysts (Table 1).



After calcination, the catalyst was used in the synthesis of biodiesel, aiming to evaluate its performance during the oil transesterification reaction (Figure 6). Initially, a kinetic study was carried out at 70 °C with oil: ethanol molar ratio of 1:12 in a reactor under agitation at 200 rpm, but varying the catalyst mass by 4, 6 and 8 wt%. As can be seen in Figure 6a, 47.13% conversion was achieved at 2 h of reaction using just 4% by catalyst weight; however, when the catalyst mass was increased to 8%, the conversion was only 74%, while to 6 wt.%, the conversion was complete. This result can be associated with a moderate diffusional limitation caused when doubling the amount of catalyst in the reaction, i.e., from 4 to 8 wt.%. For this reason, 6 wt% of catalyst was adopted in the subsequent transesterification reactions. In fact, problems with the performance of heterogeneous catalysts in the production of biodiesel have already been reported in the literature due to the diffusional limitation caused by increased resistance to mass transfer in this complex reaction medium [52,53,54].



Thus, Figure 6b shows the formation of biodiesel by varying the reaction temperatures to 60, 70 and 80 °C in the reactor with agitation at the same molar ratio condition. In this case, the best result was observed when the reaction was carried out at 70 °C, reaching total conversion in 2 h of reaction. For a temperature of 80 °C, the reaction rate is initially faster, but the final conversion does not exceed 87%, probably due to the restrictions imposed on the system by the partial evaporation of ethanol at this temperature. This has already been observed by several authors [55,56,57,58] for reaction temperatures above the boiling point of ethanol, resulting in low conversion of oil into biodiesel.



The results described above can be considered satisfactory when comparing with other studies conducted with oils from different macroalgae varieties used in biodiesel synthesis (Table 2), in which the yields ranged from 70 to 97% using homogeneous and heterogeneous catalysts for similar temperature and molar ratio conditions. Furthermore, the good performance of the catalyst developed in our study can be attributed to the basicity and basic sites density observed on the catalytic surface, whose values were 5.68 mmol/g and 0.15 mmol/m2, respectively, obtained at the desorption temperature of 285 °C, which corresponds to basic sites of average strength (Table 1). In addition, the good performance of the catalyst can also be correlated with other physicochemical properties presented in Table 1. This catalyst with magnetic properties showed a satisfactory mechanical resistance since it preserved its structure after all reactions, thus facilitating separation and recovery step at the reaction end. Furthermore, in relation to textural properties, the low specific surface area obtained was a consequence of the extrusion process used in the catalyst’s preparation; however, in this case, their basic sites content on the surface was more relevant for their good performance.



Figure 7 comparatively shows the formation of biodiesel in two different reaction systems, i.e., conventional stirred reactor (Figure 7a), and unconventional reactor assisted by magnetic field (Figure 7b). As can be seen in the graphs, the results correspond to the formation of ethyl esters as a function of the fatty acid composition (FAEEs) of macroalgae oil (brought curves), as well as the overall yield of biodiesel for each system (continuous curve). In general, the profile of biodiesel formation under the conditions studied was similar between the different reaction systems, observing in all cases that there was complete conversion after 2 h of reaction without significant differences between the different reactors. However, during the reaction in the system with agitation, partial agglomeration of the catalytic particles was observed, which is an undesirable condition for the reuse of catalysts.



While, in the absence of diffusional limitations, the reactor assisted by a magnetic field seems to be a good alternative among all systems, as it has the advantage of interacting with the magnetic properties of the catalysts and exploring strategies for homogeneous dispersion of the catalytic particles due to their magnetic stabilization in the reactional bed, as well as facilitating the separation/recovery of the catalyst at the end of the reaction step and, when desired, their reuse in several reactional cycles, depending on its magnetic properties and operating conditions that include the parameters of magnetic field intensity, as long as, its catalytic properties are preserved.



An important aspect that must be taken into account in these systems is the direction of the field lines, because when they are oriented in the axial direction, but in countercurrent flow respect to the reactional medium, as the magnetic field strength increases, the catalyst gradually aligns itself magnetically in the direction of the field lines, thus contributing negatively to a gradual compaction in the catalytic bed. This fact has already been reported by Chen et al. [59], who evaluated the effect of magnetic field strength from 60 to 220 Oe on biodiesel production from waste cooking oil in a fluidized bed reactor assisted by a magnetic field.



Figure 8 shows the magnetic characterization for both particles of CoFe2O4 and catalysts (K2CO3/γ-Al2O3/Sepiolite/CoFe2O4) by VSM analysis. Cobalt ferrites exhibit superparamagnetic behavior, as indeed observed in Figure 8a. The magnetization versus field strength curves (M vs. H) show saturation at high fields and lack any hysterical behavior at low fields, with the absence of any detectable remanent magnetization [44]. It should also be noted in Figure 8b that magnetization decreases 6-fold with respect to the value observed for cobalt ferrites (from 49.82 to 8.30 emu/g). This low catalyst magnetization is probably related to the mass of cobalt ferrite that was effectively incorporated into the catalyst composition during extrusion, i.e., 0.3 g of CoFe2O4 for each gram of K2CO3/γ-Al2O3/Sepiolite.



Regarding the magnetic properties evaluated by EPR analysis for CoFe2O4 and catalysts (K2CO3/γ-Al2O3/Sepiolite), both systems showed broad anisotropic signals at low temperatures, which are characteristic of ferromagnetic particles of different sizes and/or shapes (Figure 9). These results complement the VSM analysis, making it possible to verify that the profile of the EPR spectra obtained suggests that the prepared CoFe2O4 nanoparticles presented different sizes and shapes, resulting in highly agglomerated nanoparticles that present strong dipolar interactions and whose high value of g = 3.76 can be mainly attributed to the exchange between Fe3+ and Co2+ [60]. Similarly, the same phenomenon happens for the magnetic catalyst; however, it shows a slightly lower g value, probably due to the lower concentration of irregularly dispersed magnetic particles in the catalyst. Thus, according to the results obtained by VSM and EPR, it can be considered that the superparamagnetic properties of the catalysts prepared were satisfactory to their magnetic stabilization during the transesterification reaction and separation and catalyst recovery when the biodiesel production was completed.



The use of magnetic catalysts in biodiesel production has been studied extensively over the last decade, but in most cases, with applications in conventional reaction systems, and referring only to the use of magnets as a method of separating catalysts from the reaction medium [61]. Thus, few studies have reported the use of reactors assisted by magnetic fields in the production of biodiesel (Table 3) in which their application goes beyond the simple action of separation/recovery of the catalysts from the reaction medium by the field strength, i.e., considering that the interaction between the magnetic catalyst with the magnetic fields generated inside the reactor can contribute favorably to the magnetic stabilization of the reaction bed, and thus, avoid the diffusional limitations of heat and mass transfer often observed in conventional reactors [41].



In addition, the use of coupled systems with magnetic field generators has also been satisfactorily applied to different species of microalgae, such as Chlorella homosphaera, Nannochloropsis oculata, Chlorella pyrenoidosa, Cunninghamella echinulate and Chlorella kessleri to investigate the influence of the magnetic field on the production of biomass and lipids [62,63,64,65,66], which demonstrate great potential for biodiesel production.



Finally, the quality of biodiesel produced from Fucus vesiculosus was confirmed by several properties (Table 4) whose values were in accordance with the standard specifications (ASTM and EN). However, due to the low induction period of biodiesel, determined by Rancimat test, it is observed that the produced biodiesels showed low oxidative stability (1 h), which can be a consequence of their high content of unsaturated fatty acid esters. Despite this low oxidative stability of the Fucus vesiculosus oil esters, this does not preclude the use of these esters as inputs for biofuels. Alternatives, such as the use of additives and preparation of blends with oils that have good thermal and oxidative stability, can contribute to the use of this oil [67,68,69]. Recent research shows that optimizing fatty acid profiles by blending biodiesel from different sources and compositions can result in high quality fuels [70,71].
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Table 3. Biodiesel production from several feedstocks in reactors assisted by magnetic field.






Table 3. Biodiesel production from several feedstocks in reactors assisted by magnetic field.





	Feedstock
	Catalyst
	Reactor Type
	Fluid Flow Rate and a Magnetic Field Intensity
	Biodiesel Yield (%)
	Ref.





	Macroalgae Fucus vesiculosus oil
	K2CO3/γ-Al2O3/Sepiolite/CoFe2O4

(hollow cylindrical noodle geometry)
	Reactor assisted by magnetic field
	750 mL/min and 12 mT
	99.8
	This study



	Soybean oil
	K2CO3/γ-Al2O3/Sepiolite/γ-Fe2O3 (magnetic monolithic catalyst)
	Reactor assisted by magnetic field
	16.6 mL/min and 2.5 mT
	98.07
	[44]



	Sunflower oil
	K2CO3/γ-Al2O3/Sepiolite/Fe3O4

(pellets)
	*Reactor assisted by magnetic field
	*The reactor assisted by magnetic field was used for magnetic catalyst separation.
	88
	[45]



	Coconut oil
	Pseudomonas fluorescens immobilized on chitosan with magnetic particles (microspheres)
	Bioreactor assisted by electromagnetic field (differential mode reactor)
	10.3 mL/min and 9.7 mT
	12
	[41]



	Waste cooking oil
	Pseudomonas mendocina immobilized in magnetic microspheres
	magnetically fluidized bed reactor
	16.97 mL/min and 136.63 Oe (13.67 mT)
	91.8
	[59]



	Soybean oil
	Rhizopus oryzae immobilized on chitosan with magnetic particles (microspheres)
	Magnetically stabilized fluidized bed reactor (MSFBR)
	25 mL/min and 150 Oe (15 mT)
	91.3
	[72]
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Table 4. Physicochemical properties of macroalgal Fucus vesiculosus oil and biodiesel.






Table 4. Physicochemical properties of macroalgal Fucus vesiculosus oil and biodiesel.





	Properties
	Standard Methods
	Macroalgal Oil
	Biodiesel





	Density (kg/m3) at 20 °C
	ASTM D1298
	922
	870



	Kinematic viscosity (mm2/s) at 40 °C
	ASTM D445
	42.3
	4.3



	Oxidative stability, 110 °C
	EN 14112
	--
	1 h



	Acid number (mg NaOH/g)
	ASTM D664
	2.66
	0.5









4. Conclusions


The development and improvement of unconventional methods for biodiesel preparation have been constantly studied. In this context, ethanolic biodiesel synthesis was satisfactorily carried out by chemical transesterification of Fucus vesiculosus oil and magnetic catalyst based on K2CO3/γ-Al2O3/Sepiolite/CoFe2O4 obtaining a total conversion at 2 h reaction. The quality of the produced biodiesel was validated according to ASTM and EN specifications and it was observed that all analyzed properties were in accordance with the standard limits. Although further studies are needed to evaluate the techno-economic viability of this unconventional process, this paper shows the potential of Fucus vesiculosus as feedstock for biodiesel production, despite its lipid content. Finally, according to the attained results, the developed magnetic catalyst can be considered as an attractive alternative for biodiesel production at industrial scale.
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Figure 1. Macroalgae Fucus vesiculosus oil: (a) fatty acids profile determined by GC/FID analysis; (b) CieLab color analysis. 
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Figure 2. Geometric details of the catalysts K2CO3/γ-Al2O3/sepiolite/CoFe2O4 prepared by extrusion procedure. 
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Figure 3. X-ray diffraction patterns of the cobalt ferrites and K2CO3/γ-Al2O3/sepiolite/CoFe2O4. 
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Figure 4. Thermogravimetric analysis (TGA-DTG) for K2CO3/γ-Al2O3/sepiolite/CoFe2O4. 
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Figure 5. Micrographs attained by SEM with 1800× magnification for: (a) not calcined catalyst and (b) calcined catalyst. 
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Figure 6. Biodiesel production from macroalgae Fucus vesiculosus oil, ethanol and K2CO3/γ-Al2O3/Sepiolite/CoFe2O4 catalyst. In (a) Reaction parameters: catalyst mass (■ 4%, ● 6% and ▲ 8%) at 70 °C, 200 rpm and 2 h reaction time; (b) Reaction parameters: reaction temperature (■ 60 °C, ● 70 °C and ▲ 80 °C), catalyst mass (6%), molar ratio (1:12) reaction time (2 h) and 200 rpm. 
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Figure 7. Biodiesel production from macroalgae Fucus vesiculosus oil, ethanol and K2CO3/γ-Al2O3/Sepiolite/CoFe2O4 catalyst with reaction parameters: catalyst mass (6%), molar ratio (1:12), reaction temperature (70 °C) and reaction time (2 h). In: (a) stirred reactor (200 rpm); (b) magnetically stabilized fluidized bed reactor with a recycle flow 7.69 mL/s and 12 mT (1- glass reactor; 2- condenser; 3-coils; 4 system for static magnetic field generation; 5- peristaltic pump for reactional medium recirculation and 6- thermostatic bath for reactor temperarure control). Symbols: ■ total biodiesel yield and fatty acid ethyl ester profiles (● C16; ▲ C16:1; ▼ C18:2; ♦ C18:1; ◄ C18; ► C18:3; ○ C20:4; □ C20:5). 
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Figure 8. Magnetic characterization by VSM analysis for: (a) cobalt ferrites (CoFe2O4) particles and (b) K2CO3/γ-Al2O3/sepiolite/CoFe2O4. Analysis conditions: M vs. T, give H 748 = 10,000 Oe as applied field and for the M vs. H, give T = 300 K. 
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Figure 9. EPR spectra recorded at 298 K for CoFe2O4 and K2CO3/γ Al2O3/sepiolite/CoFe2O4. 
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Table 1. Physico-chemical properties of the prepared catalysts from K2CO3/γ-Al2O3/Sepiolite/CoFe2O4.
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	Physico-Chemical Properties
	Values





	Mechanical strength (kgf/cm)
	3.12



	Specific area (m2/g) determined by BET analysis
	30



	Pore volume (cm3/g) determined by BET analysis
	0.11



	Pore size (nm) determined by BET analysis
	15.3



	Basicity (mmol/g of CO2) determined by CO2-TPD
	5.68



	Density of basic sites (mmol/m2)
	0.15
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Table 2. Biodiesel production from macroalgae oil as feedstock by heterogeneous catalysis.






Table 2. Biodiesel production from macroalgae oil as feedstock by heterogeneous catalysis.





	
Macro Algae Oil

	
Catalysts

	
Reaction Parameters

	
Biodiesel Yield (%)

	
Ref.




	
Oil: Alcohol Molar Ratio; Catalyst Weight (wt% or %); Temperature (°C); Stirring (rpm) or Flux (mL/min); Time (min)






	
Rhizoclonium sp.

	
NaOH

	
Oil: methanol (1:1); 1 wt% catalyst; 45 °C; 300 rpm; 180 min

	
82.2

	
[36]




	
Ulva linza

	
Mn2ZnO4

	
Oil: ethanol (1:12); 6 wt.% catalyst; 80 °C; magnetic stirrer; 240 min

	
72.3

	
[37]




	
Ulva tubulosa

	
Mn2ZnO4

	
Oil: ethanol (1:12); 6 wt.% catalyst; 80 °C; magnetic stirrer; 240 min

	
72

	
[37]




	
Ulva rigida

	
Mn2ZnO4

	
Oil: ethanol (1:12); 6 wt.% catalyst; 80 °C; magnetic stirrer; 240 min

	
70.4

	
[37]




	
Ulva reticulado

	
Mn2ZnO4

	
Oil: ethanol (1:12); 6 wt.% catalyst; 80 °C; magnetic stirrer; 240 min

	
71.5

	
[37]




	
Ulva lactuca

	
Clay-ZnO doped

	
Oil: methanol (1:9) 8% catalyst; 55 °C; continuous stirring; 50 min

	
97.43

	
[32]




	
Padina tetrastromatica

	
H2SO4 and CH3ONa (two step reaction)

	
Oil: methanol (1:12); 1.5 wt% catalyst; 65 °C; 600 rpm; 120 min

	
96.2

	
[31]




	
Dictyota dichotoma

	
CaO, MgO, ZnO e TiO2

	
Oil: methanol (1:18); 5 wt% catalyst; 65 °C; 600 rpm; 180

	
93.2

	
[35]




	
Melanothamnus afaqhusainii

	
CaO

	
Oil (5 g), methanol (10 mL) and catalyst (0.5 g); 100–110 °C; hot plate stirrer; 1080 min

	
80

	
[33]




	
Ulva fasciata

	
Waste industrial dusts containing CaO, MgO and ZnO

	
Oil: methanol (1:9) and catalyst (2 g); 80–100 °C; fast stirring; 360 min

	
88

	
[34]




	
Enteromorpha compressa

	
NaOH

	
Oil: methanol (1:9); 1% catalyst; 60 °C; 600 rpm; 90 min

	
90.6

	
[38]
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