

  catalysts-12-00237




catalysts-12-00237







Catalysts 2022, 12(2), 237; doi:10.3390/catal12020237




Review



Production of Jet Biofuels by Catalytic Hydroprocessing of Esters and Fatty Acids: A Review



Rodolpho R. C. Monteiro 1[image: Orcid], Isabela A. dos Santos 1, Maria R. A. Arcanjo 1, Célio L. Cavalcante, Jr. 1[image: Orcid], Francisco M. T. de Luna 1[image: Orcid], Roberto Fernandez-Lafuente 2,3,*[image: Orcid] and Rodrigo S. Vieira 1,*





1



Grupo de Pesquisa em Separações por Adsorção (GPSA), Departamento de Engenharia Química, Campus do Pici, Universidade Federal do Ceará, Fortaleza 60455760, Brazil






2



Departamento de Biocatálisis, ICP-CSIC, Campus UAM-CSIC, 28049 Madrid, Spain






3



Center of Excellence in Bionanoscience Research, External Scientific Advisory Academics, King Abdulaziz University, Jeddah 21589, Saudi Arabia









*



Correspondence: rfl@icp.csic.es (R.F.-L.); rodrigo@gpsa.ufc.br (R.S.V.)







Academic Editors: Vincenzo Vaiano and Olga Sacco



Received: 21 January 2022 / Accepted: 18 February 2022 / Published: 20 February 2022



Abstract

:

The transition from fossil to bio-based fuels is a requisite for reducing CO2 emissions in the aviation sector. Jet biofuels are alternative aviation fuels with similar chemical composition and performance of fossil jet fuels. In this context, the Hydroprocessing of Esters and Fatty Acids (HEFA) presents the most consolidated pathway for producing jet biofuels. The process for converting esters and/or fatty acids into hydrocarbons may involve hydrodeoxygenation, hydrocracking and hydroisomerization, depending on the chemical composition of the selected feedstock and the desired fuel properties. Furthermore, the HEFA process is usually performed under high H2 pressures and temperatures, with reactions mediated by a heterogeneous catalyst. In this framework, supported noble metals have been preferably employed in the HEFA process; however, some efforts were reported to utilize non-noble metals, achieving a similar performance of noble metals. Besides the metallic site, the acidic site of the catalyst is crucial for product selectivity. Bifunctional catalysts have been employed for the complete process of jet biofuel production with standardized properties, with a special remark for using zeolites as support. The proper design of heterogeneous catalysts may also reduce the consumption of hydrogen. Finally, the potential of enzymes as catalysts for intermediate products of the HEFA pathway is highlighted.






Keywords:


jet biofuel; biokerosene; hydroprocessing of esters and fatty acids; HEFA; heterogeneous catalysis; chemical catalysis; biocatalysis












1. Introduction


The global energy demand for 2020 was estimated to reduce by 6% compared to the previous year [1]; however, the total energy demand is supposed to return to the level of pre-crisis of the COVID-19 pandemic by early 2023 [2]. Notwithstanding, for 2020, the Global Energy Report from the International Energy Agency expected the demand for renewable energy to increase due to its low operating costs and priority dispatch; moreover, the recent growth in generation capacity and a number of new projects would possibly increase the output as well [1]. During 2020, a 10.3% (261 GW) growth in generation capacity for renewable energy worldwide was reported [3]. Therefore, apart from the COVID-19 pandemic crisis, the renewable energy demand is projected to accelerate significantly; indeed, the participation of renewable energy in total final energy consumption worldwide is expected to increase from 19% in 2017 to approximately 66% by 2050 [4]. Utilizing renewable energy is an imperative requirement for the transition of the fossil-based energy matrix to zero-carbon global emissions in the energy sector. The World Energy Transitions Outlook has reported six main components for CO2 emission reduction: renewable energy; energy conservation and efficiency; electrification in the end-use sectors; hydrogen and its derivatives such as e-ammonia and e-methanol; carbon capture, storage and utilization; and bioenergy coupled with carbon capture and storage [5]. Among these components to reduce CO2 emissions, renewable fuels and biomass-based carbon removal technologies play a key role in the decarbonization efforts [5].



In particular, the global demand for energy in the transportation sector continues to increase and, for instance, transportation energy demand is expected to increase by 77% from 2018 to 2050 in regions outside the Organization for Economic Cooperation and Development (OECD) [6]. Thus, although the global transportation emissions increased by less than 0.5% in 2019, it still accounts for 24% of the direct emissions of CO2 from combustion of fuels [7].



The CO2 emissions from the aviation sector have quickly risen over the last two decades, accounting for approximately 2.8% of the global CO2 emissions from fossil fuel combustion [8]. Nonetheless, the International Civil Aviation Organization (ICAO) has established goals to reach neutral carbon growth from 2020 onward and reduce CO2 emissions to half of the 2005 levels by 2050 [9]. ICAO has implemented the Carbon Offsetting and Reduction Scheme for International Aviation (CORSIA) to compensate for any increment in the emissions of CO2 in the atmosphere above the 2020 level. The ICAO has agreed to modify the CORSIA baseline to reflect only 2019 levels due to the impact of the COVID-19 pandemics on aviation in 2020 [10]. Therefore, the transition from fossil fuels to biofuels is imperative in the aviation sector for reducing CO2 emissions; indeed, implementation of alternative fuels in the aviation sector could potentially decrease CO2 emissions by up to 68.1% in 2050 [11]. Unfortunately, despite some recent progress in policy support [12,13,14,15,16], the demand for biofuels in the aviation sector represented less than 0.01% of the total demand for fuel in the sector in 2018, when the Sustainable Development Scenario from the International Energy Agency required this value to be 9% of the aviation fuel demand by 2030 [17].



Beyond the mitigation of CO2 emissions in the atmosphere, the implementation of biofuels in the aviation sector may potentially diversify and/or complement the energy matrix to reduce the dependence on fossil fuels, for which prices are constantly fluctuating; therefore, biofuels may ensure security and energy independence [18,19]. Furthermore, the utilization of biofuels may also be associated with social and economic development [20].



By definition, jet biofuels, also known as biokerosene, are biofuels or alternative aviation fuels obtained from renewable sources. They are hydrocarbons produced from renewable resources, also coined as biohydrocarbons, with the same boiling range of fossil jet fuels. Therefore, jet biofuels must share a similar chemical composition and high energy density with current fossil jet fuels [21,22,23]. Moreover, jet biofuels must be tailored for aircraft engines; thereby, jet biofuels must hold very similar or even identical fuel properties and performance of fossil jet fuels to be used as drop-in biofuels [24]. Different pathways may produce jet biofuels, depending on the renewable feedstock used, with the chosen path influencing the composition, properties, cost, availability and environmental impact of the biofuel [22,25,26]. Currently, there are eight conversion pathways for the production of jet biofuels, according to the American Society for Testing and Materials (ASTM, for short; designations D7566–20a and D1655–20c) [27,28].



Therefore, the implementation of biofuels in the aviation sector must meet the criteria for sustainability under the environmental, economic and social perspectives; in fact, ICAO has recognized the need for biofuels to be developed and deployed in a manner that is economically viable and socially and environmentally acceptable. That said, it is imperative to implement jet biofuels in the aviation sector, as reflected in the increasing number of patents [21] and papers on this subject (Figure 1). Jet biofuels have been addressed in the last ten years by several authors. For instance, the production pathways for jet biofuels were reported by Hari et al. (2015) [22], Wang and Tao (2016) [29], Gutiérrez-Antonio et al. (2017) [21], Karatzos et al. (2017) [30] and Wei et al. (2019) [31]. Furthermore, the utilization of microalgae oil [32], lignin [33], waste cooking oil [34] and fish discards [35] and the respective pathways for producing jet biofuels were also reported. Furthermore, the production processes of jet biofuels from triacylglycerols have been extensively studied [36,37,38,39,40]. In this communication, the catalytic mechanisms of the hydroprocessing of esters and fatty acids (hydrogenation, decarboxylation, decarbonylation, cracking and isomerization) are reviewed, along with the employed catalysts. Additionally, attempts to reduce the consumption of exogenous H2 are highlighted as well as the employment of enzymes as catalysts to obtain jet biofuels intermediates.




2. Catalytic Hydroprocessing of Esters and Fatty Acids (HEFA)


The HEFA process represents the most consolidated pathway among the approved and certified processes by the American Society for Testing and Materials (ASTM) for producing alternative aviation fuels. The production of jet biofuels via the HEFA process is illustrated in Figure 2. The HEFA process offers potential for large-scale short-term production [15,41,42]. Compared to other processes, it exhibits lower technological complexity [15,41], and a lower minimum jet biofuel selling price [43], with higher energy efficiency [44]. Hydrotreatment processes of petroleum streams is already a well-established technology for the removal of sulfur (hydrodesulfurization), nitrogen (hydrodenitrogenation) and oxygen (hydrodeoxygenation), as well as for the saturation of olefins and aromatics [45,46]. Therefore, the hydroprocessing of esters and fatty acids for jet biofuel production may be performed at existing refineries, thereby reducing capital costs. Some airlines have employed jet biofuels produced via the HEFA process for demonstration and even in some commercial flights [21].



The HEFA process converts acylglycerols (esters) and fatty acids into hydrocarbons to produce jet biofuels, in the presence of H2, for removal of the oxygen atom from the feedstock [34]. Chemically, hydroprocessed jet biofuels are generally paraffinic liquids, free of aromatics and sulfur, with a carbon chain length of C8−C16 [22]. This chemical composition is imperative for their performance behavior [47]. The high paraffinic content in hydroprocessed jet biofuels may result in good thermal stability, which may be even better than fossil jet fuels, since paraffins exhibit a weak tendency to form deposits in engine fuel systems at higher temperatures; moreover, it may reduce emissions of soot, particulate matter, CO and unburned hydrocarbons [47]. Nevertheless, the presence of iso-paraffins and/or aromatics may be necessary to yield lower freezing points, higher oxidative stabilities and higher cetane numbers; moreover, the presence of aromatics is necessary for jet biofuels with higher densities at −15 °C and for the volume swell of the sealing materials in the aircraft system [47]. Furthermore, the carbon chain length may influence the jet biofuel’s low-temperature fluidity (kinematic viscosity at −20 °C) and volatility, whereas the absence of sulfur, oxygen, and nitrogen may result in poor lubricity [47].



Several studies exemplified the use of renewable feedstocks for the production of jet biofuels [36,37,38,39,40]. Overall, it was reported that soybean, which is a widely employed crop for the production of oil, bears relatively low oil yield when compared to palm, coconut and jatropha, for example. However, some oil crops may not be suitable for jet biofuel production due to food security and, therefore, lower-price animal fats and greases may be employed in the HEFA pathway [48]. In the Brazilian scenario, soybean crops should provide the most feasible oil source for the production of jet biofuel due to its lower cost and high agricultural maturity; however, soybean oil is the main feedstock used for the production of biodiesel in Brazil, thus other potential crops must be evaluated [49]. In any case, as feedstocks, for instance, vegetable oils, animal fats, algal oils, and bio-oils may be used for jet biofuel production by the HEFA process [21,49]; and, depending on the feedstock quality, a pretreatment (filtration for removal of impurities and heating for moisture removal) may be necessary [34]. The choice of feedstock is crucial as it may result in a jet biofuel with the same carbon chain length or one atom less than the corresponding fatty acids of the feedstock [50]; therefore, the use of feedstocks composed mainly of fatty acids with carbon chain lengths in the range of jet fuel may avoid the cracking and/or distillation step. Furthermore, the use of highly unsaturated feedstock may require the saturation of the double bonds of the correspondent fatty acid, thus increasing H2 consumption. In this sense, in addition to removing oxygen from the feedstock through hydrodeoxygenation, the HEFA process may include the hydrocracking and hydroisomerization of the feedstock, aiming to fulfill the standards for alternative aviation fuels addressed by ASTM, as well as the distillation of the product for hydrocarbon separation [47,51]. As a matter of fact, if the ASTM specifications are met, hydroprocessed jet biofuels may be used as drop-in biofuels, even without blending, since they are suitable for conventional aircraft engines without further engine modification [22].



In the HEFA pathway, the design of the heterogeneous catalytic system is a crucial step, especially regarding product selectivity and no coke formation, although non-catalytic hydroprocessing may also be applied. Heterogeneous catalytic systems involve several advantages compared to homogeneous systems, such as the possibility of recovery and regeneration of the catalyst, the minimization of purification steps, non-hazardous and more ecological process [40]. In addition, such catalytic systems may prove more resistant to adverse operating conditions that may eventually destroy homogeneous catalyst materials [40]. However, the activity of the heterogeneous catalyst must be equivalent, or at least close, to that of its homogeneous counterpart. A key parameter is the number of use cycles (or on-stream time in continuous reactors), which relates to the stability of the catalyst [52]. Therefore, incorporating heterogeneous catalysts in catalytic processes may be an attempt to mitigate the challenges encountered with their homogeneous counterparts.



2.1. Catalytic Hydrodeoxygenation


Oils and fats are mainly composed of acylglycerols and fatty acids; therefore, such feedstocks may contain a high oxygen content from the glycerol backbone and the acyl portion of the molecules, although it may be lower than that of bio-oils derived from lignocellulosic feedstocks. The average oxygen content of bio-oils may reach up to three-fold higher than that of oils and fats [53]. High oxygen content in feedstocks used for biofuel production may lead to immiscibility with fossil fuels and higher viscosity, restricting their use for blends and worsening the cold flow properties, respectively. Moreover, high oxygen content may result in very reactive and unstable biofuels, increasing the tendency of polymerization, eventual gum and sludge formation, and decreasing their thermal and storage stabilities [54].



Biodiesel was proposed to be blended with aviation fuels [55,56,57,58]; however, biodiesel is generally produced by the transesterification of acylglycerols—or by the esterification of free fatty acids—with short-chain alcohols (ethyl alcohol or methyl alcohol, for example), resulting in esters with high oxygen content [59]. Therefore, the use of biodiesel as a drop-in jet biofuel or even blended with fossil or bio-based fuels for aviation is not recommended, and should be limited to less than 5 ppm, according to ASTM D7566 [27]. For instance, Fatty Acid Methyl Esters (FAMEs) were obtained by the transesterification of methyl alcohol with oils from macaúba (Acrocomia aculeate) and palm (Elaeis guineensis) fruit kernel; further, the FAMEs were fractionated through atmospheric distillation to obtain short-chain esters (C8–C14) aiming to blend them with fossil jet fuel; as a result, the blend (5 vol.%) of the light biodiesel cut (C12) with the fossil jet fuel met the main technical standard properties (moisture content, density, distillation and flash point) [60].



Oils and fats must be deoxygenated to meet the ASTM’s standards for alternative aviation fuels. In this sense, hydrodeoxygenation is a catalytic hydrogenolysis process to eliminate oxygen heteroatoms from oils and fats, which is performed under high H2 pressures and temperatures [50]. The main purpose of the hydrodeoxygenation process is to decrease the O/C ratio and concomitantly increase the H/C ratio and saturate the double bonds of the oils and fats, producing biohydrocarbons with a similar chemical composition of hydrocarbons [54]. Strictly, during the hydrodeoxygenation of oils and fats, three main reactions may take place (hydrogenation, decarboxylation and decarbonylation).



In the hydrogenation pathway, the double bonds of fatty acid chains are saturated by adding molecular hydrogen (e.g., C18H34O2 to C18H36O2, oleic acid being saturated to stearic acid with H2), without cleaving bonds (Figure 3a) [61]. Triacylglycerols hydrogenation may occur by three different decomposition pathways (γ-hydrogen migration, β-elimination and direct deoxygenation) (see Figure 3b). The γ-hydrogen migration mechanism within the acyl group of the triacylglycerol chain yields monoalkenes [62]. The β-elimination mechanism releases one fatty acid from the triacylglycerol chain, which becomes an unsaturated diacylglycerol; subsequently, the released fatty acid may be deoxygenated to obtain paraffin or α-olefins [62]. The direct deoxygenation mechanism of triacylglycerols is not precise yet; however, it is known to not involve the formation of intermediate fatty acids, albeit it may involve the formation of glycerol/propane [61].



In the decarboxylation pathway, the carboxyl group is removed from the triacylglycerol chain through a direct C–C bond cleavage in the presence of H2, thus resulting in the production of linear alkanes containing an additional carbon atom in the chain length compared to the triacylglycerol chain [40]. Therefore, deoxygenation of the feedstock is achieved by eliminating O2 and releasing CO2 as a by-product of the decarboxylation mechanism (Figure 3c) [63]. In addition, it is reported that the decarboxylation pathway occurs through γ-hydrogen migration and β-elimination as well as the hydrogenation pathway [64]. Similarly, in the decarbonylation pathway, the carboxyl group is removed from the triacylglycerol chain through a direct C–C bond cleavage in the presence of H2, also resulting in the production of linear alkanes with an additional carbon atom in the chain length [40]. However, the deoxygenation of the feedstock is achieved by eliminating O2 and releasing CO and H2O as a by-product of the decarboxylation mechanism (see Figure 3c) [65].



The deoxygenation of triacylglycerols by hydrodeoxygenation consumes much more H2 than deoxygenation by decarboxylation and decarbonylation; it is even possible to deoxygenate triacylglycerols through decarboxylation/decarbonylation without using H2, which is consumed in these reactions [64]. Furthermore, although free fatty acids may be theoretically employed as feedstocks for producing jet biofuels via the HEFA process, in practice, only triacylglycerols (oils and fats) are used; therefore, this communication was focused on the reaction mechanisms underlying hydrodeoxygenation of triacylglycerols. The reaction mechanisms of hydrodeoxygenation of free fatty acids or model compounds were recently extensively reviewed [61,62,64].



Supported metals are the most commonly employed catalysts for the hydrodeoxygenation reaction of triacylglycerols/fatty acids to obtain jet biofuels. Noble metals or transition metals may accelerate decarboxylation or decarbonylation of the feedstock by weakening the carboxyl or carbonyl group, respectively, while transition metal–oxides with moderate acidity facilitate deoxygenation by activating the hydroxyl group [66]. For instance, palladium (5 wt.%), supported on charcoal (Pd/C), was employed in the hydrodeoxygenation of crude and hydrolyzed macaúba (Acrocomia aculeata) oils extracted from its pulp and almonds. As a result, the highest conversion (85% w/w) to hydrocarbons was achieved for the hydrolyzed almond oil at 10 bar of H2, 300 °C, 5 h and 700 rpm [67]. The best catalytic performance was observed for the hydrolyzed feedstocks with a lower unsaturated content, since smaller carbon chains exhibit lower viscosity and higher diffusivity, which may facilitate the access of reagents to the catalytic sites. Furthermore, a high hydrogenation activity of Pd/C was reported since all hydrocarbons formed were saturated [67]. Similarly, the Pd/C catalyst was employed for the deoxygenation of licuri (Syagrus coronata) oil and biodiesel, showing conversion to n-alkanes of 39.2 mol.% for licuri biodiesel at 207 psi of He (5% of H2), 300 °C, 4 h and 1000 rpm [68]. The decarboxylation pathway is preferred as the production of n-alkanes occurs with the loss of the carboxyl group from the feedstock, as well as the selectivity to CO2 being much higher than that to CO. Moreover, it was reported that the increase in the number of carbon atoms in the feedstock chain enhances the catalytic deoxygenation process [68]. Overall, Pd was reported as an excellent catalyst for the formation of linear chain paraffin; however, its deactivation due to the poisoning of the active sites by adsorbed reaction intermediates (heavy organic substances, carbonaceous deposits and carbon monoxide, for example) and high cost renders it unfeasible for commercial use [69].



In addition to carbon-based supports, other supports have been used to prepare metal catalysts employed in the HEFA process. As an example, nickel (Ni) and molybdenum (Mo), supported on hierarchical USY-zeolite, were applied to the hydrodeoxygenation of waste cooking oil; remarkably, the dealumination treatment of the support was able to enhance the activity and selectivity of the catalyst. This may be explained by the better acid distribution and mass transfer properties of the dealuminated hierarchical structure [70]. In a similar study, Ni and Mo were supported on hierarchical USY@Al-SBA-15-zeolite and also evaluated at the hydrodeoxygenation reaction of waste cooking oil. Remarkably, the core-shell USY@Al-SBA-15 catalyst with hierarchical pores also significantly contributed to the improvement of the selectivity in the production of jet biofuels [71]. Thus, zeolite-based catalyst supports were reported to provide adequate characteristics for obtaining biofuels with properties very similar to those of fossil fuels, due to the possibility of their synthesis with different pore size ranges and shapes, besides allowing control of the concentration of acid functional groups on their surface [72].



In addition to Pd and Ni, platinum (Pt) represents another transition metal employed as a catalyst in the hydrodeoxygenation of feedstocks for jet biofuel production; indeed, Pt has been recognized as the most suitable metal for the production of paraffins [73,74,75,76]. Pt, supported on Al2O3, was employed as a catalyst in the hydroprocessing of palm oil for paraffin production, with suitable Pt loading favoring the decarbonylation and decarboxylation pathways [77]. In the same study, another catalyst (Ni2P/SiO2) was mixed with Pt/Al2O3, resulting in a more active and stable catalyst with an extremely low formation of carbon deposits and thus preserving the Brønsted acidity associated with the hydrodeoxygenation pathway [77]. The utilization of noble metals (Pd, Pt and Ru) in the hydrodeoxygenation of feedstocks may increase the production costs of jet biofuels since such metals are extremely expensive; therefore, alternative non-noble metals have been sought, such as nickel (Ni), already reported above, and cobalt (Co). Co, supported on activated carbon obtained from the macaúba endocarp, was applied to the hydrodeoxygenation reaction of macaúba oil; remarkably, the degree of deoxygenation (98.4 wt.%) for the novel catalyst measured more than 2-fold higher than that for cobalt over a commercial activated carbon [78]. In a similar approach, cobalt phosphide (CoP), supported on porous carbon synthesized from male palm flowers (PMFs) was applied to the hydrodeoxygenation of palm oil, reaching full conversion of the triacylglycerols into hydrocarbons [79]. From these studies, it may be observed that non-noble metals represent a potential catalyst for the hydrodeoxygenation of triacylglycerols to produce jet biofuels, even when such metals are supported on alternative and low-cost supports. Furthermore, the conjugation of an alkali and an acidic catalyst was proposed for effective decarboxylation and reduced coke formation, although basic catalysts were reported to exhibit low deoxygenation activity and often cause undesirable cracking thereby producing light hydrocarbon fractions [80].




2.2. Catalytic Hydrocracking


The hydrodeoxygenation of a given feedstock may be followed by its hydrocracking, which is a refining technology that, such as hydrodeoxygenation, falls under the general term “hydroprocessing” [81]; actually, in some cases the hydrodeoxygenation and hydrocracking may be combined into a single step [34]. However, oils and fats may possess a long carbon chain, thus the decarboxylation (CO2) and decarbonylation (CO) may only not be enough to reduce the carbon chain length of the feedstock to obtain hydrocarbons within the usual range of jet biofuels (C8−C16) [21]. In this sense, aiming to fulfill the standards (e.g., cold flow properties) for alternative aviation fuels addressed by ASTM, hydrocracking may be used to break down the complex long chain of triacylglycerols into shorter structures for jet biofuel production. However, the process (catalyst and reaction conditions) must be appropriately designed to enhance the selectivity towards jet biofuel production, thereby shunning the production of light gases, naphtha and green diesel [21]. Furthermore, the hydrocracking process must be performed at high temperatures and H2 pressures to reduce coke formation by condensative chain polymerization reactions [82].



As stated previously, hydrodeoxygenation of the feedstock may generate hydrocarbons with carbon chain lengths higher than C16; therefore, the hydrocracking of the formed hydrocarbons may be necessary to obtain jet biofuels with a desirable freezing point, since short carbon chain length jet biofuels exhibit a low freezing point [47]. In this sense, bi-functional catalysts may be employed in the hydrodeoxygenation/hydrocracking of feedstocks to obtain jet biofuels. For instance, a series of bifunctional catalysts, consisting of Pt supported on aluminosilicate mesoporous materials, were evaluated for the production of jet biofuels; the metallic active sites performed the hydrodeoxygenation of the feedstock (biodiesel), whereas the acid active sites performed the hydrocracking reactions [83]. The authors highlighted that the acidity of the catalysts was proportional to the aluminum content in the support and, therefore, the acid strength of the catalyst support was related to its hydrocracking performance; furthermore, secondary hydrocracking reactions were observed for strong acid sites, thereby reducing the selectivity of the process in terms of jet biofuel production [83]. Similarly, a mesoporous aluminosilicate was used as support for nickel phosphate impregnation; however, in this case, the support was previously modified by zirconium (Zr), aiming to render the support mildly acidic and conducive to cracking of the reactants [84]. The novel catalyst was employed in the hydrodeoxygenation/hydrocracking of jatropha oil to obtain jet biofuels, highlighting excellent deoxidation, aromatization and cracking properties [84].



In another approach, a microporous aluminosilicate material was prepared to support Ni and Mo metals, and then used in the hydrocracking of waste cooking oil to obtain jet biofuels [85]. The catalyst exhibited high acidity and hydrothermal stability; moreover, it revealed an ability to enhance the selective cracking of waste cooking oil in jet biofuel production (compared to a mesoporous aluminosilicate material with weaker acidity, or even to the pure microporous aluminosilicate material with high acidity) [85].




2.3. Catalytic Hydroisomerization


The next step of converting the feedstock into jet biofuel may be its hydroisomerization, which, in turn, may be performed simultaneously with hydrocracking. The hydrocracking always follows hydroisomerization; in this sense, initially the hydroisomerization of paraffins takes place, followed by their hydrocracking, since monobranched paraffins are less susceptible to cracking than multibranched paraffins [86]. Aiming to fulfill the standards for alternative aviation fuels addressed by ASTM (e.g., cold flow properties), hydroisomerization converts straight-chain hydrocarbons into branched hydrocarbons [34]. As a matter of fact, following hydrodeoxygenation of the feedstock, the obtained hydrocarbons stream may present high paraffin content, thus it may be necessary to perform the subsequent hydroisomerization to provide branched alkanes with lower freezing points [41]. In addition, the aromatic content in jet biofuels may prove imperative for the ignition characteristics (e.g., derived cetane number) since such compounds are stable due to their unique bonding in the benzene ring [47].



Typically, in isomerization reactions, normal paraffins are dehydrogenated on the metallic sites of the catalyst, and the obtained olefins react on the acidic sites of the catalyst to form carbenium ions; then, the protonated species undergo subsequent dehydrogenation and skeletal rearrangement into iso-carbenium ions, which will be rearranged into branched (mono, di and tri) carbenium ions on acidic sites of the catalyst [29,86,87]. Finally, the branched carbenium ions are deprotonated on the metallic sites of the catalyst to form the corresponding iso-paraffins [29,86,87] (see Figure 4). To convert feedstocks into jet biofuels in a single-step process, bifunctional catalysts may be used. Within this process, metallic sites are required for (de)hydrogenation, and acidic sites are required for isomerization/cracking [29,86,87], thus an optimum balance between the metal and acid content of the catalyst is imperative for achieving ideal catalytic characteristics for jet biofuel production [88,89] (e.g., a saturation of double bonds, decarboxylation, decarbonylation, isomerization and selective cracking without coke formation). The activity of metallic sites should be dominant over activity of the acidic sites. Specifically, the acid-catalyzed isomerization and cracking reactions should be slower (rate determining), thus mitigating over-cracking and catalyst deactivation through coke formation, as illustrated in Figure 5 [90].



Bifunctional catalysts were also further employed for the modification of triacylglycerols to obtain jet biofuels. In this sense, hydrocracking and hydroisomerization processes may be combined into a single-step process when bifunctional catalysts are employed, thus reducing overall production costs. As reported above, bifunctional catalysts are designed to possess metallic sites for (de)hydrogenation and acidic sites for isomerization and cracking [29,86,87]. For example, jatropha oil was hydrodeoxygenated to obtain green diesel range hydrocarbons, which were later hydrocracked and hydroisomerized to produce jet biofuel range hydrocarbons [91]. In that study, a series of Pt-supported catalysts, using different acidic supports such as HY zeolite and amorphous silica−alumina, were employed as bifunctional catalysts for the hydrocracking and hydroisomerization of green diesel [91]. Among other important features for this process, the authors evaluated the influence of metal−acid balance and acidity of the supports; as a result, the HY zeolite-supported catalyst with the highest SiO2/Al2O3 ratio exhibited the highest activity in hydrocracking and hydroisomerization reactions, due to the well-dispersed Pt particles, large amount of Brønsted acid sites, and a proper balance between metallic and acidic sites [91]. Of particular interest, the process leads to the production of jet biofuels composed of high-branched isomers, thereby resulting in good cold flow properties (freezing point = −47 °C) [91].



In another approach, jet biofuel production from technical grade coconut oil was catalyzed by sulfided NiMo/Al2O3 catalyst, resulting in paraffins [92]. Two strategies were selected for holding the catalyst in the sulfide-state: H2S containing hydrogen gas and a liquid sulfidation agent (dimethyl-disulfide or DMS, for short) [92]. The jet biofuel obtained from DMS-sulfided catalyst exhibited a sulfur content at least three-fold higher than that obtained from a H2S-sulfided catalyst (2 mg/kg for H2S and 7–9 mg/kg for DMS) [92]. According to the authors, the produced jet biofuel exhibited excellent oxidation stability, since they were free of aromatics and olefins; however, the freezing point of the jet biofuels was higher than the ASTM Jet A-1 specification (−47 °C), either for the DMS-sulfided catalyst (−8 °C) or for the H2S-sulfided catalyst (−11 °C) [92]. Hence, the authors performed the paraffin isomerization over a Pt/SAPO (silicoaluminophosphate)-11 catalyst, aiming to decrease the freezing point of the jet biofuel; as a result, a lower freezing point (−45 °C) was achieved from the paraffins produced using the H2S-sulfided NiMo/Al2O3, which contained a lower sulfur content [92]. In a similar study, waste cooking oil was hydrodeoxygenated over pre-sulfided NiMo/γ-Al2O3 and Pd/C to obtain straight alkanes; among these two catalysts, the performance under milder reaction conditions of Pd/C proved better than that of NiMo/γ-Al2O3 [93]. In another study, the same group performed hydrocracking and hydroisomerization of the previously produced straight alkanes, using NiAg/SAPO-11 as the catalyst [94]. The addition of copper (Cu) may change the electronic interaction of nickel in Ni/SAPO-11 catalysts, thereby helping in suppressing the Ni/SAPO-11 cracking activity [95]. Based on this, the authors suggested silver (Ag) utilization, since Cu and Ag are congeners, in the Ni/SAPO-11 catalyst, to evaluate its performance in hydrocracking/isomerization reactions [94]. The authors noted that the thus obtained catalyst exhibited excellent isomerization and medium cracking capabilities, which were even better than those for the Pd/C catalysts [94].



In a similar study, NiMo was supported on SAPO-11 and then used as a catalyst in the hydrocracking and hydroisomerization of C15–C18 alkanes from the hydrodeoxygenation of castor oil. In this study, different Si/Al molar ratio SAPO-11 catalysts were evaluated in the hydroisomerization of the alkanes [96]. Accordingly, the catalyst sample with moderate acidic strength exhibited the highest conversion (97.2 mol.%) and jet biofuel selectivity (81.6 mol.%) [96]. Furthermore, the authors mentioned that increasing temperatures yielded positive effects on the isomerization of alkanes, especially for long-chain alkanes; however, high temperatures may also have led to more intense cracking, increasing the formation of light products, and thus decreasing the overall selectivity of the process towards jet biofuel production [96]. Similarly, alkanes in the green diesel range, derived from the hydrodeoxygenation of palm oil, were further hydrotreated through isomerization and cracking over the NiAg/SAPO-11 catalyst to obtain hydrocarbons in the jet biofuel range [97]. Moreover, the authors highlighted the influence of increasing temperatures in the cracking of hydrocarbons [97].



In a fascinating study, the simultaneous hydrodeoxygenation, hydrocracking and hydroisomerization of palm kernel oil and palm olein (or their respective hydrolysates) were performed in a single step to obtain jet biofuels and other hydrocarbons [98]. In that study, a thermally activated beta zeolite (without the presence of noble metals) was employed as a catalyst, showing excellent performance in the hydrolyzed palm olein (>96 wt.% of conversion into hydrocarbons). Moreover, due to a partial hydroisomerization, the formation of branched alkanes and aromatics products was observed. Overall, the obtained hydrocarbons presented low freezing temperatures (between −18 and −30 °C) and, therefore, the authors suggested their use, after refining, in blends with fossil jet fuels without significant losses in their cold properties [98].





3. Hydrogen Consumption


A high hydrogen content is typically required in the hydrotreatment of esters and fatty acids for jet biofuel production [50]. Nevertheless, especially regarding environmental and economic sustainability, high hydrogen consumption may prove a major drawback for the large-scale implementation of jet biofuels [36]. Furthermore, despite several efforts to obtain it from renewable resources, hydrogen has been mainly produced from non-renewable resources, particularly from natural gas steam reforming or from coal gasification [99,100,101,102,103]. Consequently, it is crucial to minimize hydrogen consumption in the HEFA pathway [36]. Nevertheless, as reported above, hydrogen plays an important role in the HEFA reactions, therefore it is imperative to use hydrogen from renewable resources and/or to look for alternatives to minimize hydrogen consumption.



It was reported that hydrogen consumption may be sensitive to reaction conditions and catalysts [36]. Thus, to minimize hydrogen consumption, a proper catalyst design is critical for producing jet biofuels using the HEFA pathway. Alkanes in the range of jet biofuels were obtained from jatropha oil hydrolysates and stearic acid without the addition of hydrogen, using tungsten (W) added to Pt supported on titanium dioxide (TiO2) catalyst [104]. This designed catalyst (WOx/Pt/TiO2) exhibited up to 2-fold better deoxygenation performance than Pt/TiO2 and even better than WOx/TiO2, which exhibited almost no activity [104]. The authors attributed such an enhanced performance to the close interaction of W with the Pt nanoparticles supported on TiO2, enabling easier C–C cleavage over the Pt nanoparticles; further, the strong bonding between the W of the catalyst and the oxygen atoms in the oil feedstocks improved the deoxygenation [104]. In another effort, hydrogen consumption was reduced by using a niobium phosphate (NbOPO4) catalyst to produce jet biofuels from soybean oil [105]. The authors highlighted the acid and redox properties of this catalyst, which enabled simultaneous isomerization, cyclization, and dehydrogenation reactions under much milder H2 pressures (10 bar) [105]. In a similar study from the same group, a NbOPO4 catalyst was compared to zeolites (HBeta and ZSM-5), a commercial fluid catalytic cracking (FCC) catalyst, and Pd/C to obtain jet biofuels from soybean oil [106]. In this study, differently from the previous work, the authors suggested a strategy for using N2 instead of H2, thereby enhancing the environmental and economic sustainability of the process [106]. As a result, although the Pd/C-catalyzed process led to lower oxygenate content (1 wt.%), the NbOPO4-catalyzed process (14 wt.%) produced only 9 wt.% of gases, while Pd/C generated 24 wt.% [106]. Moreover, the authors pointed out that the simultaneous deoxygenation, cracking and isomerization reactions were successfully performed over the NbOPO4 catalyst, without H2 pressure and under mild N2 pressure (10 bar) [106].



The influence of the N2 pressure on the conversion of triacylglycerols into hydrocarbons was further explored. In the deoxygenation of macaúba oil over Pd/C catalyst, it was illustrated that the catalyst exhibited higher conversion under H2 atmosphere (85 wt.%) than under N2 atmosphere (45 wt.%) for the same synthesis conditions [67]. The H2 atmosphere favors the activity of the catalyst in its reduced form [67]; furthermore, the catalyst activity/stability is conserved for a longer time, due to the ability of H2 in promoting the desorption of contaminants from the catalyst surface [107,108]. Similarly, a conversion decrease in the deoxygenation of jatropha oil hydrolysate over the WOx/Pt/TiO2 catalyst under an N2 atmosphere (55 wt.%) was observed when compared to H2 atmosphere (100 wt.%) [104]. The authors attributed the decrease in the conversion to a catalyst deactivation caused by the adsorption of carbon and heavy organic compounds on the catalyst surface; however, very interestingly, in a 10% H2/N2 atmosphere, the stability of the catalyst was maintained and a conversion of up to 90 wt.% was achieved for more than 20 h of TOS (Time-On-Stream) [104].



In another strategy to obtain jet biofuels, the hydrogen consumption from an external supply was replaced by an in situ hydrogen production. Formic acid was proposed as an outstanding alternative for the in situ hydrogen production and storage [109,110]. In this sense, formic acid was employed as a co-reactant and hydrogen donor to deoxygenate jatropha oil over a Pd/C catalyst [111]. Notably, in situ production of hydrogen from formic acid yielded higher oil conversions and higher hydrocarbon selectivity when compared to processes without the use of formic acid or to those that used only water; beyond that, when continuous deoxygenation of the feedstock was performed in a medium with formic acid, a high initial resistance to catalyst deactivation was observed [111]. Similarly, glycerol was considered a versatile raw material for in situ hydrogen production [112,113]. Therefore, glycerol was employed as a hydrogen donor in the deoxygenation of waste soybean oil catalyzed by a hybrid catalyst (Pd/C and NiO/γ-Al2O3) to obtain jet biofuel [114]. In that study, the authors highlighted that the in situ hydrogen production from glycerol induced a positive effect on both the hydrogenation and deoxygenation of the feedstock. They also reported that using a hybrid catalyst (2 g Pd/C and 1 g NiO/γ-Al2O3) was better for performing the deoxygenation of the feedstock than increasing the content of Pd/C [114]. Another alternative for jet biofuel production is the in situ catalytic transfer hydrogenation using isopropanol as a hydrogen donor [114]. Despite the large input cost associated with isopropanol [114], the authors previously reported that isopropanol may represent a potential hydrogen donor for the hydroprocessing of waste cooking oil to produce biofuel, reducing or eliminating the use of gaseous hydrogen from an external source [115].




4. Enzymatic Production of Hydrocarbons


Enzymatic biocatalysis has increasingly been recognized as an alternative to chemical catalysis, since enzymes may perform their function under much milder conditions (ambient temperature, atmospheric pressure, and physiological pH, for instance) [116,117]. Furthermore, since enzymes may exhibit high substrate specificity or product selectivity, enzymatic biocatalysis may not only allow a drastic reduction in substrate purity requirements, but also in by-product generation, thereby simplifying downstream separation processes [118,119]. Notwithstanding, industrial applications of enzymes are often prevented by their low long-term storage and operational stabilities, difficulty of recovery after use and, subsequently, problematic reuse of the enzymatic catalyst. Moreover, enzyme features have evolved to modify the physiological substrates under physiological conditions, while, in most cases, industry utilizes neither the physiological substrates nor the reaction conditions. Consequently, although enzymes are almost perfect physiological catalysts, before their application in industry, they usually require improvement of their features to fit those of an industrial catalyst [120,121]. Nevertheless, such drawbacks may be mitigated when appropriate enzyme engineering techniques are employed.



In this sense, through metagenomic methodologies, it is possible to access all biodiversity; even enzymes from non-cultivable and/or no longer existing microorganisms may be screened, facilitating the search for the best available enzyme for a given process [122,123,124]. Furthermore, direct evolution allows the mimicry of natural evolution, but in a shorter time period, aiming to improve specific features of the enzymes [124,125,126]. For instance, mutagenesis may alter the enzyme activity by modifying the active site or even ex novo active sites may be formed for creating enzymes with double active sites [127,128]. Additionally, chemical modifications may allow chimeric artificial enzymes to create specific catalytic features, enabling better control of the biocatalytic processes [129,130,131]. Finally, it is possible to improve activity, specificity, selectivity, stability and reduce inhibition of enzymes if a properly immobilization protocol is employed. Moreover, even enzyme purification may be coupled to enzyme immobilization and the problems regarding the reuse of cofactors may be mitigated by enzymes and cofactors co-immobilization [132,133,134,135,136]. Accordingly, in aiming to implement enzymes at an industrial scale, the application of combined tools of enzyme engineering has been reported [128,137].



Lipases (triacylglycerol ester hydrolases, EC.3.1.1.3) are among the most widely used enzymes for biocatalysis [138,139], as they do not require cofactors to catalyze reactions [140]. They also exhibit high activity and are quite stable under a wide range of operational conditions, for example, aqueous, anhydrous, and neo-media (ionic liquids, supercritical fluids or deep eutectic solvents) [141,142,143,144]. Furthermore, lipases hold low specificity, being able to recognize very different substrates from physiological ones (triacylglycerols) [145]. Higher conversions into hydrocarbons were reported for the HEFA pathway when feedstocks (primarily oils) are converted into free fatty acids before treatment under H2 pressure for jet biofuel production [67,98]. In this sense, since the biological function of lipases is to hydrolyze triacylglycerols [146], such catalysts were employed in the hydrolysis of oils in several applications [147,148,149,150,151,152], which would be further processed in the presence of H2 pressure to obtain jet biofuels.



Furthermore, lipases may be used in vitro to catalyze the esterification of free fatty acids or the transesterification of acylglycerols with short-chain alcohols and, thus, lipases were extensively employed for enzymatic production of biodiesel [153,154,155,156,157,158], which could be further hydroprocessed for the production of drop-in jet biofuels [68]. However, the implementation of lipases for the production of biodiesel may pose some problems. The first problem is the enzyme specificity, which in some instances represents a key feature to select a biocatalytic route [159,160]. Recently, several papers have attempted to enlarge the range of substrates recognized by an enzyme [161] and, in this approach, to bear a valuable enzyme for reactions involving very different substrates. As oils are heterogeneous substrates composed of several different fatty acids that form tri-, di- or monoacylglycerols, some of them may be unideal substrates or even lipase inhibitors. With regards to this, several lipases are recommended for both oil hydrolysis and biodiesel production [162,163,164,165]. One of the advantages of lipases is the possibility of simultaneously performing esterification/transesterification reactions, thus making the previous treatment of acid oils unnecessary [166,167,168]. Likely, the best lipase for one process is not the best for another one [162]. Other problems are related to the production of by-products (water for esterification and glycerol for transesterification). Glycerol may act as a substrate of the enzyme, producing a decrease in the overall yield of fatty acid esters.



Moreover, glycerol may accumulate in the enzyme biocatalysts particles, inducing enzyme inactivation/inhibition [169,170,171]. Using very hydrophobic supports or ultrasound treatments may decrease the negative effect of glycerol [171,172,173]. An alternative to avoid these problems is the strategy of hydroesterification: the oils are hydrolyzed, the glycerol is eliminated, and the lipases are utilized for the esterification of the free fatty acids [174,175,176,177]. This eliminates the methanol/ethanol competition with glycerol, but water may still form a phase in the enzyme environment, causing enzyme inhibition/inactivation. The solutions are similar to those used to avoid glycerol layer formation [178,179,180,181,182,183,184,185,186].



There have been a number of discussions regarding the use of immobilized or non-immobilized lipases for biodiesel production. As reported above, enzyme immobilization may improve enzyme features, but presents an additional cost to a process in which the economic balance is critical. Therefore, some companies have launched liquid lipase formulations recommended for enzymatic biodiesel production [158]. However, several studies show how the immobilization of these enzymes, launched to be used in free form, may further improve their features [186,187,188,189,190,191,192]. In this regard, enzyme immobilization is justified not only to facilitate the recovery and reuse of the enzyme but also to improve the enzyme features significantly. For example, recent studies reported how the immobilization of a classical lipase (that from Thermomyces lanuginosus) yields a biocatalyst that showed similar results to alkaline catalysts used in biodiesel production [193,194,195].



Apart from the feedstock pre-treatment and/or biodiesel production, enzymes may perform the main reactions of the HEFA pathway (hydrogenation, decarboxylation, decarbonylation, cracking and isomerization). For instance, fatty acid decarboxylases were employed in vitro for the decarboxylation of free fatty acids to obtain olefins [196,197,198,199,200], and fatty acid photodecarboxylases were also employed in the production of hydrocarbons [201,202]. Decarboxylases (formally carboxy-lyases, EC 4.1.1) are carbon–carbon lyases that catalyze the decarboxylation of organic compounds in the presence of a pyridoxal phosphate or a pyruvate cofactor. For example, fatty acid decarboxylases catalyze the oxidative decarboxylation of free fatty acids into hydrocarbons in a single step [203] (see Figure 6). Furthermore, the oxidative decarboxylation of free fatty acids may be performed in the presence of O2 and expensive electron-donating cofactors—NAD(P)H—or even in the presence of H2O2 as a redox partner; however, although H2O2 may bear some advantages (with water and easy to handle in large-scale applications) when compared to O2 [203], it should be considered that H2O2 may present a problem for the stability of involved enzymes [204]. It has even been reported that the enzymatic oxidative decarboxylation of free fatty acids using H2O2 as the oxidant resulted in significantly reduced catalytic activities and even protein precipitation under high H2O2 concentration (>400 mm) [205].



Another enzyme used for this purpose is the fatty acid photodecarboxylase (fatty acid carboxy-lyases, EC 4.1.1.106). They are algal photoenzymes that catalyze the decarboxylation of free fatty acids to olefins in response to blue light; in the presence of blue photons, such enzymes are able to generate fatty acid decarboxylation through electron abstraction from the fatty acid by the photoexcited flavin adenine dinucleotide (FAD) cofactor [206].



Cascade reactions were employed in many instances, involving several enzymes, since they permit complex transformations by associating several substrate modifications [207,208,209,210]. For example, a lipase was employed for the hydrolysis of triacylglycerols and a decarboxylase was employed for the subsequent decarboxylation of free fatty acids aiming to result in olefins [211,212]; thus, both lipase and decarboxylase are exposed to H2O2, which may present a problem for enzyme stability as reported above [204]. In another very interesting example, a multienzyme cascade system was employed for the one-pot production of α-olefins without exogenous H2O2 addition, aiming to mitigate the deleterious effects of H2O2 on the stability of the enzyme [213]. In this system, a lipase performed hydrolysis of triacyclglycerols to form free fatty acids and glycerol. Then, an alditol oxidase was applied to oxidize the released glycerin and produce in situ two equivalents of H2O2 (one equivalent of H2O2 was employed the exogenous addition of glycerol), which was utilized by decarboxylase to decarboxylate the free fatty acids (Figure 7) [213]. This one-pot biocatalytic system achieved a 68.5 wt.% of olefin [213].



To the best of the authors’ efforts, up to date, it was not possible to find in the literature any peer-reviewed work on the production of jet biofuels via enzymatic HEFA (or similar) pathway; as stated above, it is possible to find reports on the production of hydrocarbons from esters and fatty acids via enzymatic biocatalysis, but none of them goes further on the characterization of the product as a jet biofuel. This may be related to the products’ properties, intermediate products (e.g., α-olefins) but not final jet biofuels. Nevertheless, the utilization of multienzymes systems was reported as a strategy to fully modify a substrate to obtain the desired product [164,214]; therefore, the utilization of such systems may provide an alternative method for the conversion of esters and free fatty acids to hydrocarbons that hold properties according to ASTM specifications.




5. Techno-Economic Analysis


The technological and economic feasibility of producing jet biofuels by hydroprocessing of esters and fatty acids were previously reported. For example, in 2013, it was estimated that the baseline cost for HEFA fuel production ranged between US$1.01 and US$ 1.16 L–1, with feedstock representing the most significant portion of the fuel cost [215]. In 2015, the ASTM-standardized pathways for the production of jet biofuels were evaluated from an economic perspective [42]. As a result, the HEFA pathway was considered the most feasible alternative; however, it was not expected to reach price parity with jet fuel in the short term [42]. In fact, it was later reported that the HEFA pathway, as with any other pathway, would not be profitable in the absence of government incentives [216]. The project medium Net Present Value (NPV) for all pathways is below zero, thereby suggesting government policy support for financial viability [217]. Furthermore, production cost estimates are higher for non-HEFA jet biofuels due to higher expenses for feedstock and capital expenditure components [218]. Notably, although triacylglycerol-based materials are potentially more expensive than lignocellulosic-based materials, the HEFA pathway remains quite a competitive technology since the fuel yield (86–91%) is higher than that for lignocellulosic-based technologies (9–23%); and, the minimum fuel selling price is lower (US$ 1.2 L−1) [219,220]. Overall, the ASTM-standardized pathways for the production of jet biofuels are still far from being competitive with their fossil counterparts; however, the costs may be mitigated by the carbon market. In this scenario, the production of jet biofuel via the HEFA pathway using waste cooking oil as feedstock bears the lowest mitigation cost [221].




6. Conclusions


Under environmental, economic and social perspectives, the quest for sustainable development has undoubtedly represented one of the major challenges of academia, industry, and society overall. Concerning environmental sustainability, the implementation of biofuels is an imperative requirement for the reduction of CO2 emissions, among other advantages. Within this scope, biofuels bear the potential to mitigate the carbon footprint of the aviation sector and to diversify the energy matrix and, therefore, impulse the transition of an economy based on fossil fuels to that based on biofuels. The catalytic hydroprocessing of esters and fatty acids (HEFA) illustrates the most mature technology for the industrial production of jet biofuels. Notwithstanding all advantages of the HEFA pathway to obtain jet biofuels, according to this disclosure, the design of the catalyst remains a great challenge. In fact, since a variety of substrates may be used as feedstocks, producing catalysts capable of performing all reactions necessary to obtain jet biofuel within ASTM specifications may be an algorithm of trial and error. Fortunately, bifunctional catalysts (acidic and metallic sites) were successfully employed to obtain jet biofuels under specification, and some approaches have even performed it in a one-pot cascade reaction. Furthermore, although there were improvements in catalyst design and in the endogenous production of H2, the high exogenous consumption of fossil-derived H2 still presents a bottleneck for the production of jet biofuels. Therefore, the processing of esters and fatty acids by biocatalysts may provide an interesting alternative for the production of hydrocarbons under mild reaction conditions (ambient temperature and atmospheric pressure). However, it is still necessary to further improve the engineering of such biocatalysts to obtain hydrocarbons within ASTM specifications, at a high efficiency and product selectivity and in an economically viable process.
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Figure 1. Bibliometric trends for jet biofuel research. Search algorithms on Scopus: (TITLE-ABS-KEY (biojet AND fuel) OR TITLE-ABS-KEY (bio-jet AND fuel) OR TITLE-ABS-KEY (biokerosene)) and (TITLE-ABS-KEY (biojet AND fuel) OR TITLE-ABS-KEY (bio-jet AND fuel) OR TITLE-ABS-KEY (biokerosene)) AND (LIMIT-TO (DOCTYPE “re”)). According to the authors bibliographic research, biojet fuel is the term most commonly used to refer bio-based alternative aviation fuels, however, here we proposed to use jet biofuel instead of biojet fuel. 
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Figure 2. Simplified Hydroprocessing of Esters and Fatty Acids (HEFA) for jet biofuel production. Adapted from [41]. 
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Figure 3. Hydrodeoxygenation of triacylglycerols through hydrogenation (a,b), decarboxylation and decarbonylation (c). 
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Figure 4. Hydroisomerization of normal paraffin. The (de)hydrogenation process in steps (1), (3), (7), and (8) occur at the metallic sites, while the carbenium rearrangement process in steps (2), (4), (5), and (6) occur at the acidic sites. 
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Figure 5. Reaction pathways of bifunctional catalyst for single-step conversion of feedstock into jet biofuel. Adapted from [90]. 
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Figure 6. Enzymatic fatty acid decarboxylation. 
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Figure 7. One-pot enzymatic production of hydrocarbons (adapted from [213]). Exogenous addition of glycerol may be employed to solve the shortage of one equivalent of H2O2. 
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