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Abstract

:

The reactions to produce liquid biofuels from a palm fatty acid distillate (PFAD) under hydrogen absence were carried out using 10 wt% NiO/zeolite (Ni/Zeo), 10 wt% Co3O4/zeolite (Co/Zeo), and 10 wt% (NiO + Co3O4)/zeolite (NiCo/Zeo) as catalysts. The zeolite was synthesized by a thermal and chemical treatment from natural clay, obtaining a zeolite A and sodalite mixture. Catalytic activity was evaluated as a function of reaction temperature (250, 300, and 350 °C) during 0.5 h and using 5 wt% of catalyst. The reaction products were classified as organic liquid products (OLPs), gaseous products, and solid waste. The OLPs fractions were separated by fractional distillation, and the products were identified and quantified using gas chromatography coupled to a mass spectrometer detector (GC-MS). The results showed yields to OLPs above 50% for all catalysts and temperatures. However, the highest yield to OLPs of 67.9% was reached with a NiCoZeo catalyst at 300 °C. In this reaction, a higher yield to hydrocarbons was obtained (84.8%), indicating a cooperative effect between Ni and Co in the catalyst. Hydrocarbons such as heptadecane (C17H36), pentadecane (C15H26), and other alkanes-alkenes with lower carbon chains were the main products. Therefore, deoxygenation of PFAD using a low-cost Ni-Co catalyst was shown to be an economic and viable way to produce diesel-type biofuels.
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1. Introduction


The current dependence on petroleum as a primary energy resource is associated with different environmental problems such as high emissions of gases (SOx, NOx, CO, CO2, and COVs) that are responsible for phenomena such as acid rain and climate change. Additionally, it is well known that the petroleum reserves are finite; therefore, the search for new efficient energy vectors obtained from renewable sources is a priority for actual government policies and private enterprises. In this sense, different technologies and renewable raw materials have been investigated for biofuel production [1,2].



Recently, the valorization of different agroindustrial wastes such as those obtained in the palm oil purification process has emerged as a good alternative for biofuel production due to several environmental and economic benefits [3,4].



The palm fatty acid distillate (PFAD) is a byproduct of the physical refining and deodorization of crude palm oil and is mainly composed of free fatty acids such as palmitic (C16) and oleic (C18). Therefore, valorization of this raw material has gained interest in the past few years since it does not compete with the food industry and has the potential to be transformed into diesel- or gasoline-type fuels through catalytic reactions such as cracking and deoxygenation [5,6,7].



In the biofuels industry, natural free fatty acids with 16–18 carbon atoms are used to produce renewable diesel (or green diesel) by removing the oxygen content and finally producing the respective hydrocarbons, in which the number of the carbon chain can be different according to the type of reaction that takes place [6,7]. Renewable diesel has some advantages over diesel obtained from petroleum since, being generated only from free fatty acids, it does not contain heteroatoms such as nitrogen and sulfur, which after combustion generate nitrogen oxides (NOx) and sulfur oxides (SOx) [8,9].



On the other hand, renewable diesel also presents some advantages over biodiesel due to its low oxygen content, which improves some properties of fuel such as high oxidation stability and higher cetane number [10,11,12]. The reaction pathways through oxygen that are removed from free fatty acids are known as hydrodeoxygenation (HDO) and deoxygenation (DO). The latter can occur as a decarbonylation (–CO) or decarboxylation (–CO2) process [6,13,14]. Nevertheless, parallel and consecutive reactions such as thermal and catalytic cracking could take place depending on the catalyst nature and reaction conditions [4,15,16].



The HDO is a hydrogenolysis reaction in which the oxygen atoms are removed in the presence of hydrogen to produce water and complete carbon chains [2,17]. In contrast to HDO, in the deoxygenation reactions, the oxygen removal proceeds by cracking/deoxygenation steps with CO and CO2 liberation without hydrogen consumption [3,11,13].



Thus, although the HDO process generates hydrocarbons with better quality than DO due to a higher number of carbon atoms, the high hydrogen consumption in HDO reactions implies a disadvantage from an economic point of view. In this sense, deoxygenation reactions in absence of hydrogen represent an economic alternative to produce biofuels with similar properties as those obtained from petroleum [6,13,18].



The metal oxides of transition metals such as Ni, Co, Mo, W, Zn, Fe, and Cu have been evaluated as catalysts in DO reactions [10,13,14,16,17]. Some of them have been supported in zeolites with acid properties, influencing important reactions such as cracking and/or isomerization of the carbon chains [19].



The catalytic properties of these metal oxides come from the adsorption of reagents on unsaturated metal sites and/or oxygen atoms, followed by the addition and/or elimination of oxygen that promotes the breakdown of fatty acids [20]. Thus, they are effectively decreasing the levels of oxygenated products in the final biofuel, improving its quality [21].



On the other hand, recent studies report that Ni- and Co-based catalysts have a catalytic performance similar to those synthesized with noble metals (Pd and Pt), making them a promising and lower-cost alternative technologically [1,22,23]. In this way, supported metal catalysts have gained importance since they manage to couple high catalytic activity, directing selectivity to desired products such as gasoline, diesel, or chemical intermediates [16,24,25].



Nowadays, few studies over the valorization of palm fatty acid distillate (PFAD) as a substrate to produce biofuels have been published. Therefore, this is a field that needs more exploration about the catalysts’ design, reaction conditions, and impurities effect, among others. In this regard, this work aims to contribute to the preparation, characterization, and evaluation of low-cost catalysts for the conversion of PFAD and its selectivity to liquid hydrocarbons.




2. Results


2.1. Characterization of Catalysts


In the synthesis of zeolite, the first step was the thermal treatment of the waste material (obtained from kaolin production) at 600 °C for 2 h. Through this thermal treatment was obtained the metakaolin, which is an amorphous material generated because of des-hydroxylation reaction by the cleavage of hydrogen bonds between the alumina octahedral layers and silica tetrahedral layers. Therefore, to observe changes in the crystallinity of the starting material, XRD analysis was carried out, and the spectra can be observed in Figure 1. The XRD pattern of natural material showed diffraction peaks at 12.64° and 25.05° 2θ, which are characteristics of kaolinite (ICOD 01-078-2110). The presence of quartz (26.47° 2θ, COD 96-200-5023) and TiO2 (37.71° 2θ anatase, COD 96-720-6076) in low intensity were also observed. The XRD pattern after calcination showed only the quartz signal, indicating the destruction of the crystalline structure [26,27]. After zeolite synthesis and calcination, diffraction peaks attributed to zeolite A (ICOD 01-089-5421) and sodalite (COD 96-900-3327) were observed [27,28,29].



X-ray diffraction patterns of catalysts are shown in Figure 2. For the NiZeo catalyst, diffraction peaks at 37.48°, 43.54°, and 62.84° 2θ were attributed to the cubic structure of NiO (ICOD 01-073-1523) [3,30]. In this spectrum it was also observed that the incorporation of nickel did not seem to destroy the structure of zeolitic material [31].



On the other hand, the spectrum of CoZeo showed low intensity peaks characteristic of cobalt oxides. The peaks at 36.87° and 65.51° 2θ were attributed to the cubic structure of Co3O4 (ICOD 00-001-1152) [10,24]. However, the low intensities of these could be associated with the formation of the amorphous phase of cobalt oxide, but also with a high dispersion of cobalt oxide particles over the zeolitic support. In the bimetallic catalyst NiCoZeo, the two phases of oxides (NiO and Co3O4) were observed. The latter had higher intensity than the former of the CoZeo catalyst. However, no common crystalline structure of Ni-Co was observed.



The nitrogen adsorption-desorption isotherms of support and catalysts are shown in Figure 3. Typical type IVa isotherms were observed, which are associated with mesoporous materials. In these isotherms, a type H3 hysteresis loop was observed, suggesting the presence of mesopores wider than 4 nm. However, capillary condensation around the high p/p° range also suggested the presence of macropores that were not filled. Applying the BET model, the specific surface area calculated for the zeolite was 3 m2/g, which is around the error value of the instrument, whereas for all catalysts these values were around 14 m2/g, as can be seen in Table 1. The low value for the zeolite indicates a low presence of mesopores and, according to the isotherm, its hysteresis can be associated only with macropores. This suggests that the incorporation of metal oxides of Ni and/or Co induced a certain mesoporosity on the surface [32,33].



Morphological properties of metakaolin and synthesized zeolite can be observed in Figure 4. For metakaolin (Figure 4a), the total breakdown of the kaolin structure was evidenced, remaining an amorphous and agglomerated structure in lamellar shape [26]. For the zeolitic material before and after calcination (Figure 4b), the presence of two distinct structures was observed. The first one had rounded shapes like woolen balls, which is characteristic of polycrystals of sodalite, and the second one had the form of crystalline cubes, which is typical of the zeolite A morphology [29,34,35]. Therefore, these results are in concordance with the analysis made by XRD.



Micrographs for synthesized catalysts are shown in Figure 5. There can be seen a loss of the characteristic morphologies of the zeolite A and sodalite, suggesting that this material is being covered by metal oxide, as can be seen in the EDX elemental mapping. For the NiZeo catalyst (Figure 5a), the presence of small particles over the surface can be seen, suggesting the presence of NiO. Nevertheless, for the CoZeo catalyst (Figure 5b), the morphology was shown to be different, since the support appears to be surrounded by a thin layer of interconnected filaments, possibly constituted by cobalt oxide. Finally, in the bimetallic catalyst (NiCoZeo) image, the surface of the support also appears to be surrounded by a thin layer of particles. However, for this catalyst, a more homogeneous distribution of the particles in comparison with the NiZeo catalyst can be observed.



Figure 6 shows the DRIFT-NH3 spectra of zeolitic material as a function of NH3 desorption temperature. According to literature reports, the band observed around 1660 cm−1 is attributed to vibrations of the N-H bonds in the NH3 molecule that are coordinatively adsorbed on Lewis acid sites associated with aluminum atoms on the surface. The band at 1430 cm−1 is related to the asymmetric flexion of the N-H bond in the ammonium ion chemisorbed on Brønsted acid sites, indicating the acidic character of the support [30,36,37].



Regarding the effect of temperature, the strength of these acid sites can be analyzed following the change in the area at the different desorption temperatures (Figure 7). For Brønsted acid sites, between room temperature and 100 °C, there was a slight decrease in the area, suggesting the presence of some acid sites of low strength. However, for high temperatures, the areas were relatively constant, indicating the presence of high strength Brønsted acid sites. For Lewis acid sites, between room temperature and 100 °C, the change in the area suggested the presence of low strength acid sites. Even this change in the area could be attributed to physisorbed ammonia. Between 100 °C and 200 °C, the areas were constant, which can be associated with medium strength acid sites, and after 200 °C the areas were lower, indicating a low number of acid sites of high strength.




2.2. PFAD Composition


The composition of palm fatty acid distillate is shown in Table 2. According to GC results, approximately 95% were formed by free fatty acids with a predominance of palmitic acid (16:0) and oleic acid (18:1). Other C18 free fatty acids such as stearic acid (18:0) and linoleic acid (18:2) were found. This suggests that these free fatty acids can be transformed to hydrocarbons of C15, like pentadecane (C15H32), C17, such as heptadecane (C17H36), and/or its respective alkenes through deoxygenation reactions. Additionally, the presence of Brønsted acid sites in the support could also induce cracking reactions that form hydrocarbons of lower carbon chains [1,11,38].




2.3. Catalytic Activity


Experiments of thermal and catalytic conversion of PFAD were carried out with different catalysts and by varying the reaction temperature. The results of OLPs, gas production, and solid waste can be observed in Figure 8. All thermal reactions (without catalyst) showed OLPs yields between 60% and 68%, indicating that, only with an increase in the temperature, thermodynamics leads to conversion of PFAD. However, although some works in the literature report similar results, the quality of the products obtained is undesirable because the high number of oxygenated products increases the acidity of biofuel. In addition, the distribution in the fractional distillation is often in the range of heavy products such as coke and lubricants [16,39,40].



On the other hand, the results for zeolite support showed OLPs yields lower than 45%, indicating the influence of the acidity in the generation of gaseous products. In the work of Li et al., 2016 [41], they obtained similar results with yields to gaseous products between 45% and 60% in the catalytic cracking of residual cooking oil with different types of zeolites (HZSM-5, NaY, USY e MCM-41) [41].



For all catalysts, the OLPs yields were higher than zeolite support at different temperatures (between 47% and 67%). These results suggest that the incorporation of metal oxides on the surface of zeolite decreases the number of acid sites on the surface, and therefore the cracking reactions to gas products are given in a lower proportion. The catalysts with higher reactivity to OLPs fractions were NiZeo at 250 °C (63.1%), CoZeo at 250 °C (62.5%), and NiCoZeo at 300 °C (67.9%). Nevertheless, similar results were found at 350 °C, indicating that there was not a significant effect of temperature related to OPL yields. Concerning solid waste, the yield for all reactions was lower than 7%, and it was composed mainly of the free fatty acids unconverted.




2.4. Analysis of Products


Figure 9a shows the hydrocarbons yield calculated by GC-MS. For thermal reaction, significant percentages of hydrocarbons were obtained (76% at 300 °C), showing that temperature is sufficient to generate DO reactions. However, according to Figure 9b, a selectivity of 46% to C11 and C14 and of 8% to C8 and C10 was obtained, indicating that thermal effects promote DO reactions followed by cracking reactions. Similar results were obtained for zeolite. However, a higher selectivity to light hydrocarbons (C8–C10) was obtained compared to the thermal reaction. This is due to acid sites in the zeolite that induce the cleavage of C–C bonds.



For the catalysts at different temperatures, the yield to hydrocarbons was higher than 70%, except for the CoZeo, which showed the lower activity in DO reactions. Oxygenated compounds such as nonanol, n-decanoic acid, n-hexanoic acid, and free fatty acids unconverted, among others, were identified. The high catalytic activities in DO reactions were obtained for NiZeo at 350 °C (88.6%) and NiCoZeo at 300 °C (84.8%). However, although these yields were similar to those obtained with the zeolite and thermal reactions, the main differences were in the selectivity of products. For instance, for NiZeo at 350 °C and NiCoZeo at 300 °C, the selectivity to C15–C17 hydrocarbons reached 68.7% and 78.2% respectively. Therefore, these results suggest that the presence of metal oxides in the catalyst increased the kinetic of deoxygenation reactions and limited the kinetic of cracking reaction, at least during the 0.5 h of reaction.



In the work of Peng et al., 2012 [42], the authors evaluated the deoxygenation reaction of stearic acid using a Ni-based catalyst supported over different Si/Al ratio zeolites (HZSM-5 and HBeta) to evaluate the effect of the acidity of support. They reported that high acidity on the support (HZSM-5) conduced to high conversion of stearic acid, but severe cracking of the products was obtained (selectivity of 43% to C17–C18 alkanes). On the other hand, for lower acidity support (HBeta), the cracking effect was suppressed, and the selectivity of C17–C18 alkanes increased to 93%.



Regarding the temperature effect, for the NiZeo catalyst at 350 °C, the yield to hydrocarbons was 88.6%. However, the selectivity of C15–C17 hydrocarbons (68.7%) was lower than those obtained at 300 °C (74%, with a yield to hydrocarbons of 70.3%) and 250 °C (87%, with a yield to hydrocarbons of 69.8%), indicating that high temperature increases the proportion of hydrocarbons but also the formation of cracked products.



For the bimetallic catalyst at 300 °C, the yield of hydrocarbons was higher (84.8%) than NiZeo at the same temperature (70.3%), indicating a cooperative effect between nickel and cobalt in DO reactions. Additionally, it can be also observed that the presence of cobalt in the bimetallic catalyst does not affect the selectivity to C15–C17 hydrocarbons. Nevertheless, an unexpected result was obtained for the CoZeo catalyst since the conversion to hydrocarbons was lower than 45% and the selectivity was significantly oriented to cracked products (75% to C11–C14 hydrocarbons). Similar results were reported in the work of Choo et al., 2020. The authors evaluated the effect of transition metal oxides as Ni and Co supported on zeolite Y (as monometallic catalysts) in the DO reaction of triolein as a model molecule at 380 °C for 2 h. They showed that the Ni-Y was the most active catalyst with selectivity to hydrocarbons of 84.28% and for Co-Y catalysts around 78%. Although both catalysts showed the high selectivity to hydrocarbons in the diesel range, the Co-Y had a higher amount of cracked products than Ni-Y. Therefore, this work concluded that a balance between Lewis and Brønsted acid sites in the zeolite added to the Ni ability to promote the deoxygenation reactions and suppress cracking reactions. In another recent work [22], the effect of cobalt in the bimetallic Ni-Co catalyst for hydrotreatment of fatty acid methyl esters was studied. These results showed that bimetallic catalysts provide higher deoxygenation yields than those monometallic catalysts at similar reaction temperatures (300 and 330 °C). The authors attributed the most of the activity of the bimetallic catalyst to the presence of cobalt active sites on the surface, which have a strong interaction with CO2 generated in the decarboxylation reaction. Thus, the synergy between Co and Ni atoms on the surface enhances the deoxygenation reactions to produce hydrocarbons.




2.5. Reaction Pathways for Free Fatty Acid Deoxygenation


Reaction pathways for converting free fatty acids to hydrocarbons under hydrogen-free conditions have been discussed by several authors [11,22,43,44]. Based on Table 2, PFAD is composed mainly of C16 and C18 free fatty acids which can be transformed to C15 and C17 through decarbonylation and/or decarboxylation reactions. According to this, a scheme of possible reaction routes is shown in Figure 10. For palmitic acid, the hydrocarbon generated by the decarbonylation reaction is pentadecene (C15H30), and the other byproducts are CO and water (Figure 10 (a)). Thus, for the decarboxylation reaction, the hydrocarbon generated is pentadecane, and the by-product is CO2 (Figure 10 (b)).



On the other hand, for the different C18 free fatty acids, the products formed could be different heptadecenes as byproducts of decarbonylation reactions, and heptadecane as a byproduct of the decarboxylation of stearic acid. However, other possible reactions that can generate molecular hydrogen, such as reverse water gas shift, can occur, which can generate hydrogenation reactions (alkenes to alkanes). Even HDO reactions could occur, which produces low fractions of hexadecanes and octadecanes (Figure 10 (c)). [45]. Additionally, coke formation is another reaction that must be considered, especially when an acid zeolite is used as a catalyst or support (Figure 10 (d) and (e)). After the reaction, recycled catalysts were evaluated by thermal analysis under inert and oxidative atmosphere, as can be observed in Table 3. In the analysis, the catalyst was heated under a nitrogen atmosphere (30–280 °C), where the weight loss was related to physisorbed water and products. After that, the gas flux was changed to air, and the sample was heated between 280 °C and 550 °C, where the weight loss was related to the oxidation of coke.



These results show a high production of coke for CoZeo at 250 °C, while for the NiZeo at the same temperature, the coke formation was half, indicating the effect of the cobalt oxide in the C–C cleavage. However, for the best catalyst, NiCoZeo at 300 °C, the formation of coke was also important, suggesting that catalyst could be deactivated during long reaction times. Finally, it is well known that coke formation is a contribution to the acidity of the zeolite, as can be observed in Table 3, and the ability of the metals to cleavage the C–C bonds.





3. Materials and Methods


The palm fatty acid distillate (PFAD) used in this work was supplied by Agropalma S/A Company (Tailândia, Brazil). For zeolite synthesis, natural kaolin waste from the tailings pond of an industrial facility in the Amazon region was obtained. Nickel nitrate (Ni(NO3)2.3H2O (97%) (Vetec, São Paulo, Brazil) and cobalt nitrate (Co(NO3)2.H2O (97%) (Dinâmica, São Paulo, Brazil) were used as precursors of oxides.



3.1. Catalysts Preparation


Zeolite was synthesized from a waste material obtained from kaolin production, according to the methodology reported in previous works [46,47].



Oxides (NiO, Co3O4, and NiO/Co3O4) were prepared under nominal content of 10 wt% MeO/zeolite using the wet impregnation method. Aqueous solutions of metallic nitrates were mixed with respective mass of zeolite during 4 h at room temperature. Thereafter, the suspension was stirred at 70 °C during 8 h and dried in an oven at 90 °C. The solids obtained were calcined at 500 °C during 2 h in air at 50 mL/min. Finally, catalysts were macerated and passed through a 100 mesh (ASTM) sieve.




3.2. Catalyst Characterization


Specific surface area was determined from adsorption-desorption isotherms of nitrogen at −196 °C using an ASAP 2020 apparatus (Micromeritics, Norcross, GA, USA) and applying the BET method. The volume and diameter of porous materials were estimated using the Barrett–Joyner–Halenda (BJH) method using the nitrogen desorption branches of the isotherm. Before the analysis, the solids were degasified for 6 h at 400 °C.



The structural properties of catalysts were characterized by X-ray diffraction (XRD) using a Bruker diffractometer (model D8 with Bragg-Brentano, Billerica, MA, USA) with a Cu anode (Kα1 = 1.540598 Å) operated at 40 kV and 40 mA. The diffraction patterns were recorded in the 2θ range of 5–75° with a step interval of 0.02° and a period of 0.2 s.



Scanning electron microscopy (SEM) was used to analyze the morphological properties of the catalysts. For these analyses, a high-resolution VEGA (Shimadzu) instrument was used. Before taking images, the samples were deposited onto a graphite tape and coated with a nanofilm of gold.



Diffuse reflectance infrared with Fourier-transform (DRIFT) spectra were measured on an FT-IR spectrometer (Shimadzu IR Tracer −100, Kyoto, Japan) equipped with a Harrick Praying Mantis accessory and a high-temperature reaction chamber for determining the acidity of catalysts. The samples were initially pretreated in the chamber at 400 °C under nitrogen (30 mL/min) for 1 h. Then, the chamber was cooled to room temperature and saturated with NH3 (30 mL/min) for 15 min. Finally, the desorption process was carried out to different temperatures (25, 100, 200, 300, and 450 °C). Thus, the IR spectra were acquired at the end of each stage of ammonia adsorption and in each stage of temperature. All spectra were recorded with a resolution of 4 cm−1 in the range of wavenumber of 400 to 4000 cm−1 and converted using the Kubelka-Munk function.




3.3. Reaction Conditions


Reactions were carried out under autogenous pressure in a Parr reactor (PARR, model 4590, Moline, IL, USA) of 100 mL equipped with a mechanical stirrer and temperature control. The temperatures evaluated were 250, 300, and 350 °C during 0.5 h under 600 rpm. Then, 40 g of PFAD were placed in the reactor, and catalyst mass was 5 wt% related to the mass of substrate.



At the end of the reaction, the liquid products were filtered, and the OLPs and solid waste yields were calculated using the Equation (1) as follows:


   Y   %   =     m   f r a c t i o n   i       m  i n i t i a l      × 100 %   



(1)




where    m   f r a c t i o n i      is the mass of liquid organic products or mass of solid waste and    m  i n i t i a l     is the initial mass of substrate (PFAD). The yield to gaseous products was calculated by mass difference. The OLPs fractions obtained were distillated, and the products were identified and quantified by gas chromatography. Finally, the catalyst was recovered by washing with organic solvent (hexane). The Figure 11 shows a scheme of separation of products and the catalyst after reaction.




3.4. Identification and Quantification of PFAD and Reaction Products


Palm fatty acid distillate was analyzed by gas chromatography using a Thermo trace GC-ultra chromatograph, equipped with a flame ionization detector (FID) and CP-Sil 5 CB column (30 m × 0.53 mm × 1.5 µm). Before identification, the sample was esterified and compared with the respective standard of methyl-esters. All the peaks were normalized by the total area of the chromatogram.



Identification and quantification of reaction products were performed using a gas chromatograph coupled to a mass spectrometer detector (Shimadzu GC-MS-2010 with interface QP2010 and electron impact, Kyoto, Japan) equipped with a DB-5 (30 m × 0.25 mm × 0.25 µm) capillary column.



Yield to hydrocarbons in DO reactions was evaluated using Equation (2):


   Yield to hydrocarbons =       Σ n   0     + Σ n   i       Σ n   z     × 100   



(2)




where:    n 0   = Area of alkenes   ;    n i   = Area of alkanes   ;    n Z   = Area of total products   .



The hydrocarbon selectivity (S) was calculated using the Equation (3):


   S =     C x       Σ n   i     × 100   



(3)




where,    C x   = Area of desired hydrocarbons fraction    and    n i   = Area of total hydrocarbons  .  





4. Conclusions


A systematic procedure was made to evaluate the catalytic activity of Ni, Co, and Ni-Co supported catalysts in the deoxygenation reactions of palm fatty acid distillate (PFAD) to produce hydrocarbons under solventless and hydrogen-absence conditions. The NiZeo catalyst evaluated to 350 °C during 0.5 h showed the best yield to hydrocarbons production in the range of C15–C17 as the main product followed by an important fraction in the range of C11–C14, which indicates the production of biofuel in the range of diesel. However, it is important to note that the incorporation of cobalt in the catalyst (NiCoZeo) showed similar results for the yield of hydrocarbon and selectivity to C15–C17 and C11–C14, but at 300 °C, indicating the cooperative effect between Ni and Co in the catalyst.



On the other hand, a low proportion of cracking products were obtained due to the low acidity of the synthesized zeolitic material composed of a mixture of zeolite A and sodalite. However, it is relevant to mention that these results were obtained at a low scale and it will be key to verify them at an industrial scale. It will be necessary to carry out a careful study on the effect of impurities in the substrate on the activity and stability of catalysts through several reaction cycles.



Finally, this work is a contribution to the investigations related to the production of renewable fuels obtained from agroindustrial wastes and using low-cost supported catalysts.
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Figure 1. XRD patterns of the zeolite synthesis process. 
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Figure 2. XDR of synthesized catalysts. 
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Figure 3. N2 adsorption-desorption isotherms. (a) Zeolite, (b) NiZeo, (c) CoZeo and (d) NiCoZeo. 
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Figure 4. SEM images of zeolite synthesis process. (a) metakaolin, (b) zeolite after synthesis and (c) calcined zeolite. 
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Figure 5. SEM images and EDX elemental mapping of the catalysts. (a) NiZeo, (b) CoZeo and (c) NiCoZeo. 
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Figure 6. DRIFT spectra of NH3 adsorbed on Zeolite. 
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Figure 7. Normalized area of NH3 adsorbed on Lewis and Brønsted acid sites of the catalyst as a function of temperature. 
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Figure 8. Yields to liquid, gaseous and solid products in DO reactions at different temperatures. (a) 250 °C, (b) 300 °C and (c) 350 °C. 
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Figure 9. Catalytic activity and selectivity in DO reactions of PFAD. (a) hydrocarbons yield and (b) selectivity. 
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Figure 10. Deoxygenation reaction pathways of PFAD. 
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Figure 11. Scheme of separation of products and catalyst. 
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Table 1. Textural properties of zeolite and catalysts.
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	Catalyst
	SBET

(m2/g)
	Dpore size a

(nm)
	Pore Volume b (cm3/g)
	Metal Oxide Crystallite Size (nm) c





	ZeO
	3
	26.8
	0.02
	73



	NiZeo
	13.4
	13.7
	0.05
	43.00



	CoZeo
	14.8
	20.2
	0.07
	13.83



	NiCoZeO
	12.4
	18.0
	0.06
	23.71 (Ni)/21.56 (Co)







a Average pore size obtained by BJH method on the desorption branch. b Average pore volume obtained by BJH method on the desorption branch. c Calculated by using Scherrer equation based on XRD diffraction pattern.
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Table 2. Physicochemical properties and chemical composition of the PFAD.
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Properties






	
Acid Value (mg KOH g−1)

	
144.7




	
Viscosity at 40 °C (cSt)

	
20.8




	
Calorific Value (MJ/kg)

	
41.5




	
Fatty Acid Composition of Oil (%)




	
Lauric acid (C12:0)

	
1.21




	
Myristic acid (C14:0)

	
1.24




	
Palmitic acid (C16:0)

	
43.09




	
Stearic acid (C18:0)

	
7.86




	
Oleic acid (C18:1)

	
37.54




	
linoleic acid (C18:2)

	
4.715
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Table 3. Thermal analysis of recycled catalyst.
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	Catalyst
	Water + Adsorbed Products (%)

(30–280 °C, Nitrogen)
	Coke (%)

(280–550 °C, Air)





	NiCoZeo 300 °C
	51.02
	21.80



	CoZeo 250 °C
	23.50
	20.52



	NiZeo 350 °C
	20.38
	23.11



	NiZeo 300 °C
	37.82
	10.30



	NiZeo 250 °C
	45.57
	11.16



	Zeo 300 °C
	27.95
	14.56
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