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Abstract

:

The transformation of CO/CO2 hydrogenation into high-density sustainable aviation fuel (SAF) represents a promising pathway for carbon emission reduction in the aviation industry but also serves as a method for renewable energy assimilation. However, current hydrocarbon products synthesized through CO/CO2 often focus on various catalytic paths with high selectivity and high conversion rates rather than the synthesis of SAFs with complex components. This study undertakes a thermodynamic investigation into the direct or indirect synthesis of SAFs from CO/CO2 hydrogenation. By analyzing the synthesis of seven aviation fuels defined by the American Society for Testing and Materials (ASTM) D7566 standard, our study reveals a temperature-dependent reduction in the reaction driving force for all products. Specifically, for CO, ΔG transitions from approximately −88.6 J/(mol·K) at 50 °C to 26.7 J/(mol·K) at 500 °C, with the switch from negative to positive values occurring around 390 °C. Similarly, for CO2, ΔG values change from approximately −66.7 J/(mol·K) at 50 °C to 37.3 J/(mol·K) at 500 °C, with the transition point around 330 °C. The thermodynamic favorability for various hydrocarbon products synthesized is also examined, highlighting a transition at temperatures of around 250 °C, beyond which the thermodynamic drive for the synthesis of aromatic compounds increasingly surpasses that of cycloparaffin synthesis. Our findings also underscore that the products with a higher aromatic content yield a lower H2/CO2 ratio, thus reducing hydrogen consumption. The influence of cycloparaffin and aromatic proportions in the typical SAF products on the ΔG is also explored, revealing that an increase in cycloparaffin content in SAFs slightly elevates the ΔG, whereas an increase in aromatic content significantly reduces ΔG, thereby markedly enhancing the thermodynamic drive of the CO/CO2 hydrogenation reaction. These findings underscore the thermodynamic preference for synthesizing SAF with a higher proportion of aromatic compounds, shedding light on potential pathways for optimizing fuel synthesis to improve efficiency. Finally, the thermodynamic challenges and potential solutions involved in synthesizing SAFs via specific intermediate compounds are discussed, presenting opportunities for more strategic process schemes in industrial scenarios.
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1. Introduction


In recent years, CO2 emissions from traditional fossil fuels have escalated, causing considerable environmental concerns [1]. Under the background of “carbon neutrality”, The aviation industry, accounting for 2~3% of global CO2 emissions, is under pressure to adapt in the era of “carbon neutrality [2]”. With the sustained growth of the global economy and increasing international cooperation, CO2 emissions from the aviation industry will continue to rise [3]. Meanwhile, the swift electrification of aviation is hampered by the vast energy density difference between liquid hydrocarbon aviation fuels and commercial lithium–ion batteries, emphasizing the need for carbon-neutral alternatives [4,5,6].



1.1. Development of Bio-Based Sustainable Aviation Fuels


Green aviation fuels, especially Sustainable Aviation Fuels (SAFs), have emerged as potential remedies. SAFs can notably reduce the aviation industry’s carbon footprint. There are four main pathways for SAF production: Hydro-processed Esters and Fatty Acids (HEFA), Gas + Fischer–Tropsch (G + FT), Alcohol to Jet (AtJ), and Power to Liquid (PtL). According to the European Union Aviation Safety Agency (EASA), HEFA is the most commercially mature, with others still in varying stages of development.



The latest ASTM (American Society for Testing and Materials) D7566-22a standard highlights seven biomass-derived components for jet fuel, expanding potential biomass-based jet fuel sources. These components include Fischer–Tropsch Synthetic Paraffinic Kerosene (FT-SPK), Hydro-processed Esters and Fatty Acids Synthetic Paraffinic Kerosene (HEFA-SPK), Synthetic Isoparaffin (SIP) derived from sugar fermentation products, Aromatic-containing Fischer–Tropsch Synthetic Paraffinic Kerosene (FT-SPK/A), Alcohol to Jet Synthetic Paraffinic Kerosene (ATJ-SPK) synthesized predominantly from ethanol and isobutanol, Catalytic Hydrothermolysis Jet Synthetic Paraffinic Kerosene (CHJ-SPK) produced through the catalytic pyrolysis of oil fats, and Hydro-processed Cyclic Hydrocarbon Hydro-processed Esters and Fatty Acids Synthetic Paraffinic Kerosene (HC-HEFA-SPK). According to the lifecycle analysis conducted by UOP (Universal Oil Products), the bio-jet fuel produced through this process demonstrated a reduction in greenhouse gas emissions ranging from 65% to 85% compared to petroleum-based jet fuel.



However, almost all SAF technologies have certain limitations compared to conventional fossil-based jet fuels. It is worth noting that this process has a high hydrogen consumption rate, which can increase production costs and pose safety concerns in the manufacturing process [7]. The production process of FT bio-jet fuel is indeed complex and costly, while also exhibiting relatively lower process efficiency. Additionally, due to the absence of aromatics that are controlled by Anderson–Schulz–Flory (ASF) distribution [8], FT bio-jet fuel has a lower energy density, resulting in reduced power output and lower fuel economy [9]. In addition, aromatics are important for fuel lubricity and rubber compatibility.




1.2. An Overview of CO/CO2 Catalytic Hydrogenation to Aviation Fuel Components


Countries like China face additional hurdles due to the scattered distribution of biomass resources, cost implications, and potential conflicts between food production and biomass for fuel [10,11]. Although SAF from biomass is advancing, commercial viability is not yet solidified [12]. The cost of biomass conversion to SAF typically surpasses that of extracting aviation fuels from petroleum, primarily due to the complexity of the conversion process, lower energy efficiency, and higher costs of biomass collection and transportation [13]. Even though biomass is renewable, improper management, such as overexploitation and irrational land use, could result in biodiversity loss, soil erosion, water contamination, and other environmental concerns.



Given these challenges, the catalytic hydrogenation of CO/CO2 presents a promising alternative for green aviation fuel production. CO2 can serve as a carbon source, reacting with hydrogen produced from renewable energy sources, such as solar power, wind energy, and biomass energy, to create high-value chemicals [14,15]. To date, the majority of research has been directed towards hydrogenating CO2 to produce short-chain products, such as methane [16,17], methanol [18,19], formic acid [20,21], dimethyl ether [22,23], and low-carbon olefins [24]. Conversely, less attention has been devoted to the synthesis of long-chain products from CO2 [25].



Furthermore, the conversion of CO2 to aromatics through hydrogenation represents a significant challenge due to the thermodynamic stability and chemical inertness of CO2 and the kinetic barriers associated with C–C bond formation [26]. It is worth noting, however, that carbon monoxide (CO), as the “twin brother” of CO2, is relatively easier to activate. Additionally, synthesis gas (CO/H2) can be obtained from non-petroleum carbon resources [27]. CO2 can also be converted into synthesis gas through the reverse water gas shift reaction (RWGS) [28]. However, the conventional F-T synthesis is subject to the ASF distribution, which makes the control over product distribution challenging [8]. Therefore, it necessitates the development of an efficient and stable catalyst to overcome the product limitations imposed by the ASF distribution.



In 1979, Chang et al. first proposed the use of a novel catalyst combining a metal (Fe, Zr, Zn–Cr) with CO reduction capability and HZSM-5 zeolite [29]. This combination disrupted the ASF distribution, diminished the selectivity for linear hydrocarbons, and significantly elevated the selectivity for aromatics. Recently, composite catalysts (metal–metal/oxide/zeolite) have become one of the research hotspots in C1 chemistry. This reaction coupling strategy is also applicable to the direct conversion of CO2 to aromatics [30]. A composite catalyst refers to a catalyst with multiple active sites, coupling and catalyzing sequential reactions. In this context, the types of intermediates formed between consecutive reactions play a decisive role in product distribution. These intermediates can be directly transferred to the active sites of the subsequent reaction, enabling the second reaction to consume the products of the first. This action, in turn, drives the equilibrium of the initial reaction forward, following Le Chatelier’s principle [31,32].



The formation of intermediates in the catalytic hydrogenation of CO/CO2 significantly varies with factors such as the type of catalyst, reaction conditions, reactor type, reaction time, and the medium in which the reaction takes place. Common intermediates, subject to these variables, include methanol [33], ketene [34], formaldehyde [35], ethylene [36], hexene [37], dimethyl ether (ethanol) [38], methoxyphenol [39], and formic acid [40]. However, these factors are governed by kinetics, while the potential for the intermediates to form during the CO/CO2 hydrogenation reaction, and their ultimate transformation into the desired products, is determined by the change in Gibbs free energy before and after the reaction under thermodynamic considerations.



Despite considerable research efforts dedicated to the high-selectivity transformation of CO/CO2 to specific hydrocarbon target products through specific intermediates, there remains a noticeable gap in thermodynamic investigations specifically aimed at the seven synthetic hydrocarbon compounds listed in standard D7566 for aviation turbine fuel. This gap is of significant importance for the selection of reaction pathways and the synthesis of catalysts.




1.3. The Objectives of This Study


Therefore, this study primarily focuses on assessing the thermodynamic feasibility of directly or indirectly synthesizing the seven aviation turbine fuels specified in the ASTM D7566 standard through the hydrogenation of CO/CO2. Initially, we conduct a comparative analysis of the thermodynamic driving forces involved in synthesizing varying types of hydrocarbons (cycloparaffins, aromatics, and paraffins). This is followed by an evaluation of how the carbon number, as well as the proportion of cycloparaffins and aromatics in the products, impacts the thermodynamic driving force. Additionally, we present an argument for the most appropriate hydrocarbon targets in the production of SAF via the CO/CO2 hydrogenation process, taking into account both thermodynamic preferences and hydrogen consumption. Subsequently, we delve into the practicality of obtaining aviation fuel products via different reaction pathways (that is, with different intermediates) in CO/CO2 hydrogenation. Finally, we provide a brief review of our recent research progress on the catalysts and catalytic mechanisms involved in the one-step hydrogenation of CO/CO2 to different hydrocarbon products. These results will guide the development of process routes for the high-selectivity direct conversion of CO/CO2 into green aviation fuels.





2. Results and Discussion


2.1. Direct Synthesis of SAF via CO/CO2 Hydrogenation


To initiate our investigation, we conducted a thermodynamic analysis of the direct synthesis of the seven aviation fuels, as specified in the ASTM D7566 standard, through CO/CO2 hydrogenation. From the perspective of oxygen balancing, CO/CO2 hydrogenation can lead to two equilibriums: one yielding H2O, and another producing CO2 (using CO hydrogenation as an illustration). Both of these are alongside aviation fuel blends. Consequently, we primarily compared the thermodynamic parameters of these two pathways. Figure 1 reveals that for both routes, ΔG increases with temperature, with spontaneity maintained below 400 °C (ΔG < 0). Importantly, the H2O-yielding route consistently shows a more favorable ΔG. Industrially, this route is advantageous, avoiding additional greenhouse gas (CO2) emissions or the waste of valuable gases, like CO formed during CO2 hydrogenation. In light of these findings, all ensuing thermodynamic evaluations in this study are based on equations balanced with H2O as the product.



Figure 2 shows the temperature-dependent variation of ΔG in the conversion pathway from CO/CO2 to various SAFs. It also illustrates an increase in ΔG values of all products as the temperature rises, indicating a reduction in the driving force of the reaction at elevated temperatures. This trend is attributed to the exothermic nature of the CO/CO2 hydrogenation process. Notably, due to the inherent chemical inertness and thermodynamic stability of CO2, the temperature-dependent ΔG curve for CO2 hydrogenation consistently positions itself above that of the CO hydrogenation. However, the difference in ΔG between the hydrogenation processes of CO and CO2 narrows as the temperature elevates. It can be attributed to both the differential entropy values of the two substances and their respective activation processes. Structurally, CO2 is more symmetrical than CO, leading to distinct entropy values (197.7 J/(mol·K) for CO and 213.6 J/(mol·K) for CO2 under standard conditions). In hydrogenation reactions, the entropy change (ΔS) predominantly arises from the reactants rather than products. As temperature rises, as can be shown in Equation (1), the smaller entropy of CO yields a reduced TΔS term for its hydrogenation, narrowing the ΔG difference.


  Δ G = Δ H − T Δ S  



(1)







Additionally, elevated temperatures facilitate the activation of the chemically inert CO2, enhancing its reactivity with hydrogen. Conversely, CO’s lower activation energy makes it less temperature-sensitive, implying a faster relative reaction rate increase for CO2 hydrogenation as temperatures escalate, further contracting the ΔG gap between them.



Regarding the hydrogenation reactions of CO and CO2, the transition of ΔG from negative to positive occurs at approximately 390 °C and 330 °C, respectively. Beyond these temperatures, the reactions are not spontaneously feasible. These findings play a pivotal role in determining the optimal reaction temperatures. In practice, under pressurized conditions, hydrocarbon synthesis through CO and CO2 hydrogenation typically occurs below 400 °C [36,41,42,43,44] and 350 °C [45,46,47], respectively. These results demonstrate that under appropriate reaction conditions, there exists the potential to directly synthesize SAF products that meet standard requirements through the hydrogenation of CO and CO2.



Upon further comparing the thermodynamic driving forces for different hydrocarbon products during the CO/CO2 hydrogenation process, as illustrated in Figure 3, it is evident that for both CO and CO2 hydrogenation, when the temperature is below 250 °C, the absolute value of ΔG for paraffin products is higher than that for cycloparaffins and aromatics when synthesizing hydrocarbon components with the same carbon number. Nonetheless, as the temperature ascends, the thermodynamic driving force of CO/CO2 hydrogenation towards aromatics progressively amplifies. This observation can be further corroborated by the data presented in Figure 4 and Figure 5, which demonstrate the comparison of ΔG for three hydrocarbon components during the CO/CO2 hydrogenation reaction at two specific temperatures. The results indicate that the discrepancy in the absolute values of ΔG for aromatic hydrocarbons and the other two hydrocarbon components is considerably larger at higher temperatures than at lower ones, suggesting that a noticeably stronger thermodynamic drive for the synthesis of aromatics from CO/CO2 hydrogenation. Our research group has previously reported that high selectivity for mononuclear aromatic hydrocarbon products (C8–C12) can be achieved via the single-pass conversion of CO or CO2 on a physically mixed nanoscale composite catalyst composed of ZnCr2O4 (with a Zn/Cr ratio of 0.54) and Sbx-HZSM-5. This can be attributed to the thermodynamically controlled CO/CO2 hydrogenation process, which significantly enhances the capability of synthesizing high-value aromatic hydrocarbons [48].



Contrary to CO hydrogenation, CO2 hydrogenation goes through an RWGS reaction (Equation (2)), resulting in H2O and CO as the primary by-products.


    CO  2  +  H 2  = CO +  H 2  O  



(2)







On the one hand, the RWGS reaction can reduce CO2 to the more reactive CO, which is beneficial for the progress of the hydrogenation reaction [49]. On the other hand, the RWGS reaction is endothermic, which competes with the formation of aviation fuel components at higher temperatures [50]. As illustrated in Figure 6, the temperature at which the RWGS reaction spontaneously occurs at atmospheric pressure is generally above 800 °C. However, the catalytic hydrogenation reaction of CO/CO2 is usually conducted under high pressure, at which point the temperature required for the spontaneous occurrence of the RWGS reaction drops below 400 °C, directly competing with the production of aviation fuel components. Ni et al. (2018) conducted CO2 hydrogenation on a composite catalyst composed of nano-spinel-structured ZnAlOx and HZSM-5. They found that increasing the H2/CO2 feed ratio or introducing CO could effectively inhibit the RWGS reaction, thereby reducing the formation of by-products [35].




2.2. Effect of Proportions of Cycloparaffin and Aromatic in Products on ΔG


High-density fuels are pivotal to the future of SAF, contributing to the miniaturization of aircraft, and enhancing their flexibility. Notably, increasing the proportion of polycyclic hydrocarbons in fuel significantly boosts its energy density. Given this, a thorough understanding of the impact of cycloparaffin and aromatic compositions in SAFs derived from CO/CO2 hydrogenation on the ΔG is crucial for optimizing fuel synthesis and achieving maximum efficiency. Accordingly, we selected two representative products, FT-SPK and SPK/A, to study the influence of the proportion of cycloparaffin in FT-SPK and that of the aromatics in SPK/A on the ΔG. FT-SPK, the earliest aviation fuel listed in the ASTM D7566 standard, contains a substantial amount of n-alkanes, iso-alkanes, and a limited quantity of cycloparaffins (less than 15% by mass). It exhibits a lower density with negligible traces of heteroatom compounds and aromatics hydrocarbons [51]. The composition is similar to that of HEFA-SPK and ATJ-SPK, making it a suitable subject for studying the impact of cycloparaffin proportion on ΔG. Considering the significance of energy density and lubricity in aviation fuel properties, the ASTM standard allows for up to 20% by mass of aromatic components in SPK/A. Given that the SPK/A composition encompasses that of CHJ, it serves as an appropriate selection for examining the effect of aromatic ratios on the ΔG.



As depicted in Figure 7, under reaction conditions of 310 °C and atmospheric pressure (where ΔG is close to zero), the ΔG in the CO/CO2 hydrogenation process exhibits contrasting trends with the increased proportions of cycloparaffin and aromatic compounds in their respective products (FT-SPK and SPK/A). Specifically, an increase in the cycloparaffin content in FT-SPK slightly enhances the ΔG. For instance, in the CO2 hydrogenation process, as the proportion of cycloparaffins in the product rises from 0% to 16%, ΔG shifts from −2.9 J/(mol·K) to −2.7 J/(mol·K). Conversely, for SPK/A, an enhancement in the aromatic content notably diminishes ΔG, transitioning from −2.7 J/(mol·K) to −3.3 J/(mol·K) as the aromatic concentration increases from 0% to 20%. This underlines that the enrichment of aromatics in SAF products amplifies the driving force of the CO/CO2 hydrogenation reaction. Moreover, under identical reaction conditions, the absolute values of ΔG for SPK/A are considerably lower than that for FT-SPK. These results corroborate that thermodynamically, it is more feasible to have aromatics as the major product constituents than cycloparaffins.



Further, by balancing the hydrogenation process, we obtained the molar ratio of H/C for different target products. Given the consistency of the H/C trends irrespective of whether CO or CO2 hydrogenation was performed, we use CO2 hydrogenation as an example in this article (Figure 8). As can be clearly seen from Figure 8a, SPK/A, the product with the highest aromatic content, has the lowest H2/CO2. This further demonstrates that the synthetic pathway with aromatics as the product has the lowest hydrogen consumption. The results in Figure 8b further confirm this conclusion. The H2/CO2 ratio of the conversion process targeting aromatics as the product is significantly lower than that targeting cycloparaffins. In addition, in contrast to the unclear change in H2/CO2 ratio with the increase in the proportion of cycloparaffins, the value of H2/CO2 significantly decreases with the increase in the content of aromatics in the product. This underscores the thermodynamic advantage of targeting aromatics, which simultaneously ensures reduced hydrogen consumption among hydrocarbon compounds. Given the imperative for enhanced jet fuel performance in future aircrafts, the role of aromatics in aviation fuel is indisputable [48,52]. Beyond augmenting energy density—a critical factor for extended flights—aromatics play a pivotal role in enhancing fuel lubricity, thereby safeguarding engine components. Recognizing these advantages, combined with reduced hydrogen consumption in their synthesis, it is evident that SAF strategies should emphasize CO/CO2 conversion pathways with elevated aromatic yields. Such an approach not only addresses thermodynamic efficiency but also aligns with practical aviation fuel specifications.




2.3. Reaction Pathways for SAF Synthesis via CO/CO2 Hydrogenation


While direct synthesis offers a pathway for CO/CO2 hydrogenation to targeted hydrocarbons [53], an alternative, often-employed strategy involves a two-step indirect method [54,55]. wherein CO/CO2 is first transformed into intermediate compounds, which subsequently undergo conversion to yield the desired hydrocarbons. The key to achieving high selectivity in the synthesis of target products lies in the thermodynamic and kinetic coordination of multiple reactions [56]. Consequently, our first step was to calculate the variation in the ΔG with temperature for the CO/CO2 hydrogenation to common precursor compounds, which can be seen in Figure 9. The ΔG for all the reaction processes shows an increasing trend with the temperature rise, indicating that the CO/CO2 hydrogenation to form intermediate compounds is exothermic. Also, the variation curve of ΔG with temperature for CO2 always lies above that for CO. However, the conditions for spontaneous reactions involving methanol, ketene, formaldehyde and formic acid as intermediates seem rather stringent, requiring lower temperatures to proceed. Meanwhile, other intermediates, including ethene, hexene, ethanol (dimethyl ether), and methylphenol, retain a ΔG less than zero at approximately 300 °C. It is worth noting that reactions involving carbon–carbon (C–C) coupling typically exhibit stronger thermodynamic driving forces compared to those without C–C coupling.



However, thermodynamic constraints further complicate the conversion of certain spontaneously obtained intermediate compounds from CO/CO2 hydrogenation into aviation fuel products. Given that the ΔG trends for pathways such as FT-SPK, SIP, SPK/A, and HC-HEFA SPK are notably analogous with only slight differences in exact ΔG values, we chose to exemplify this using the FT-SPK pathway in Figure 10. As shown in Figure 10, the transformation of hexene into different aviation fuel products can no longer spontaneously occur at around 50 °C, and the ΔG for the conversion of ethene and methanol turns from negative to positive at higher reaction temperatures. However, the transformation of intermediate compounds, such as methanol, ketene, and formaldehyde, into different aviation fuels exhibits a strong thermodynamic driving force. In particular for methanol, its transformation process displays minimal dependency on the reaction temperature in terms of its ΔG change. Thus, thermodynamically, the subsequent conversion of methanol to aviation fuels can promote the initial step of transforming CO/CO2 into aviation fuels. In summary, the thermodynamic feasibility of synthesizing aviation fuels via the indirect method of CO/CO2 hydrogenation depends on selecting reaction pathways where both steps exhibit negative Gibbs free energy changes under suitable reaction conditions. This ensures that the thermodynamic driving force acts favorably to promote both steps of the reactions. These results enable an optional range of coupling temperature zones for various reaction pathways, offering strategic insights for process schemes in actual industrial scenarios.




2.4. Direct CO/CO2 Hydrogenation to Aromatics: Our Recent Research and Catalytic Strategies


The increasing demand for high-density SAFs, coupled with the thermodynamic and environmental advantages of using CO/CO2 as feedstocks, has steered significant research attention towards the direct hydrogenation of these compounds, to synthesize aromatics, pivotal precursors for the kerosene-based aviation fuel. While synthesis-gas-derived routes to aromatics, such as the conversion from synthesis gas to methanol followed by its subsequent transformation to aromatics (MTA), have been well established, the direct one-step conversion of CO/CO2 to aromatics offers notable advantages. By circumventing intermediate steps, the direct approach promises potential reductions in energy consumption and, when coupled with apt catalyst selection, can achieve desirable product yields and selectivity.



To further guide the design of catalysts for the hydrogenation of CO/CO2 to aromatics and elucidate the mechanisms of the catalytic reaction, our research group has embarked on extensive studies. A significant challenge encountered in this domain is the control of selectivity during the single-step conversion of syngas to single aromatic hydrocarbon, with an emphasis on enhancing CO utilization [57]. A breakthrough was achieved using the reaction coupling methodology, facilitating a high selectivity of approximately 70% for a single product, tetramethylbenzene (TeMB), at a total CO conversion of 37%. This feat was realized by employing H2-deficient syngas over a composite catalyst comprising nanosized ZnCr2O4 and HZSM-5. Unique channeling in the HZSM-5 catalyst played a pivotal role in achieving high selectivity for aromatics. The dual-cycle mechanism was skewed towards aromatics due to enhanced molecular diffusion and selective methanol formation, resulting in dominant aromatic cycles.



In response to global carbon concerns and the European Union’s aviation carbon tax (ACT), our team pioneered a carbon-neutral strategy to synthesize precursors, such as aromatics, alkyl benzenes, and naphthenes, from waste CO2 or biomass-derived syngas [48]. These precursors form a significant portion of kerosene-based aviation fuel. Remarkably, an ultra-high selectivity (>80% in hydrocarbons) for single-ring aromatics within the C8–C12 range was observed at a reaction temperature of 275 °C. The formation of these aromatics was rooted in an “aldol-aromatic” mechanism. In addition to thermodynamics, the catalyst topology and the presence of highly active oxygenated species in the hydrocarbon pool were attributed to the heightened selectivity.



A deeper dive into the reaction mechanism revealed the emergence of an aldol-aromatic pathway, consisting of aldol, phenolic, and aromatic cycles [39]. This mechanism enabled >70% selectivity for TeMB in hydrocarbons at a mere 275 °C. The proximity of ZnCr2O4 and HZSM-5 catalytic sites bolstered the formation of aromatics, underscoring the pivotal role of oxygenated-aromatic compounds in the carbon pool. The process efficiency was enhanced due to thermodynamic equilibrium, surface methylation, and static repulsion. Our group also penned a mini-review that shed light on the intricate mechanisms underpinning the conversion of COx into valuable green aromatics [53]. Emphasis was placed on the nano-scale intricacies, elucidating factors like the proximity of active sites and overall thermodynamic analysis.



Building on these insights, the introduction of monodispersed Fe on ZnCr2O4, when paired with HZSM-5 zeolite, showcased exceptional performance in the syngas-to-aromatic reaction [31]. With this innovation, the turnover frequency surged to 0.48 s−1, while maintaining an impressive aromatic selectivity between 80 and 90%. This elevation in activity was ascribed to efficient CO and H2 activation, underpinned by the prevention of carbide formation.



Lastly, in a recent perspective, the promise of COx hydrogenation for sustainable chemical production was reiterated [30]. Heterogeneous catalytic COx hydrogenation to high-carbon-number products (C8+) showcased the potential, especially when deploying tandem catalysts composed of metal oxides and nano-porous zeolites. The spotlight was on understanding reaction mechanisms and identifying speciation-sensitive activity descriptors, emphasizing H* adsorption energy and zeolite topologies. These insights can underpin the future design of high-performing catalysts for COx hydrogenation to aromatics.



In light of the aforementioned discussion on the thermodynamic exploration of CO/CO2 hydrogenation for SAF synthesis and our research group’s unwavering dedication to unravel the catalytic systems for CO/CO2 hydrogenation into aromatics, we aspire to pave a promising pathway for the future. Our endeavors emphasize the potential of a direct one-step catalytic hydrogenation of CO/CO2 for SAF synthesis. Through rigorous investigation and innovative approaches, we aim to provide an alternative and sustainable route for aviation fuel production, leveraging the carbon-neutral capabilities and high selectivity attributes of our devised catalytic systems. This trajectory not only addresses environmental imperatives but also heralds a revolutionary step in aviation fuel synthesis, amplifying the feasibility and desirability of transitioning to greener alternatives in the aviation sector.





3. Methodology


The thermodynamic software package Factsage (Ver. 8.2, GTT Technologies, Herzogenrath, Germany, 2022) with the database of FToxid, which is built on the foundation of Gibbs’ energy minimization principle, was used in this study to calculate ΔG values for the reactions involving CO/CO2 and H2. Beyond the calculated temperature range for the reverse water gas shift reaction (RWGS, 50 °C~1000 °C), all calculations were carried out over a temperature ranging from 50 °C to 500 °C, with an interval of 20 °C, under atmospheric pressure.



Prior to the thermodynamic calculations for the bio-based SAF production via CO/CO2 hydrogenation synthesis, it is critical to first ascertain the production composition. This information enables the balancing of the stoichiometric coefficients of the reactants and products in the chemical equations. Drawing from the insights gleaned from literature reports and our research team’s preliminary findings [13,48], we have established that the aviation fuel composition primarily encompasses hydrocarbons from C8 to C12. In terms of the total mass fraction of the products, C8, C11, and C12 each constitute 10%, while C9 and C10 each account for 35%.



Building upon the ASTM D7566 standard, our breakdown of the seven SAF products (refer to Table 1) primarily features paraffins, cycloparaffins, and aromatics. The standard offers clear guidelines regarding the proportions of these hydrocarbon groups in each SAF product. With this foundation, we have detailed the specific hydrocarbons, spanning from C8H18 to C12H26 for paraffins, C8H16 to C12H24 for cycloparaffins, and C8H10 to C12H18 for aromatics. Their specific ratios in each SAF product were also determined. For SIP products, primarily composed of farnesane and hexahydrofarnesol, our breakdown constitutes 97% of C15H32 and 1.5% of C15H32O, with the remaining 1.5% as paraffins.



Once these compositions were established, the subsequent step was to balance the chemical equations that describe the reactions of CO/CO2 with H2 to produce these SAF constituents. However, given that the balanced chemical equations will yield different stoichiometric quantities of CO/CO2 reactants based on the various compositions of the products, this will result in variations in the ΔG. Therefore, in this study, all data processing is conducted in terms of the ΔG per mole of carbon to normalize the analysis results.



To further investigate how the contents of cycloparaffins and aromatics in SAFs influence thermodynamic behavior during CO/CO2 hydrogenation, we adjusted their levels in both FT-SPK and SPK/A SAF types. Concurrently, we modified the paraffin content to ensure that the cumulative percentage of paraffins, cycloparaffins, and aromatics remains at 99.5%. This facilitated a comparison of the ΔG values associated with various cycloparaffin and aromatic concentrations within the SAFs.



Furthermore, when calculating SAF synthesis from CO/CO2 through different intermediates, we calculated the thermodynamic parameters for two separate reaction stages: from CO/CO2 hydrogenation to intermediates and from these intermediates to the final SAF products. This approach allowed us to pinpoint the most thermodynamically advantageous pathways for SAF synthesis directly from CO/CO2.




4. Conclusions


This study offers comprehensive thermodynamic insights into the synthesis of SAF from CO/CO2 hydrogenation. We identify temperature thresholds beyond which CO and CO2 hydrogenation reactions become non-spontaneously feasible, constraining SAF products’ direct or indirect synthesis. Moreover, we find that aromatic synthesis from CO/CO2 hydrogenation is thermodynamically more favorable at higher temperatures. Variations in the proportion of cycloparaffin in FT-SPK and aromatic content in SPK/A significantly impact ΔG, with increasing aromatic content in SPK/A notably enhancing the driving force for the CO/CO2 hydrogenation reaction. Among all the hydrocarbon target products, the hydrogenation synthesis process targeting aromatics not only exhibits the highest thermodynamic driving force but also has the lowest hydrogen consumption. Regarding the synthesis of SAF via specific intermediates, the study highlights several challenges, especially for hexene, ethene, and methanol synthesized from CO/CO2 hydrogenation at higher temperatures. However, the transformation of methanol, ketene, and formaldehyde into different aviation fuels demonstrates a strong thermodynamic drive, with methanol showing minimal dependency on the reaction temperature. Overall, this research could aid in the development of more sustainable, efficient, and thermodynamically favorable strategies for green aviation fuel production.
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Figure 1. Comparison of ΔG as a function of temperature for CO hydrogenation with H2O and CO2 as products. 






Figure 1. Comparison of ΔG as a function of temperature for CO hydrogenation with H2O and CO2 as products.



[image: Catalysts 13 01396 g001]







[image: Catalysts 13 01396 g002] 





Figure 2. Temperature-dependent variation of ΔG in the conversion pathway from CO/CO2 to SAF. 
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Figure 3. Temperature-dependent variation of ΔG for the synthesis of different hydrocarbon components from CO/CO2. (a) CO. (b) CO2. 
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Figure 4. Effect of carbon number in products on ΔG for CO hydrogenation under different temperatures. (a) 310 °C. (b) 370 °C. 
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Figure 5. Effect of carbon number in products on ΔG for CO2 hydrogenation under different temperatures. (a) 270 °C. (b) 310 °C. 
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Figure 6. Effect of pressure and temperature on ΔG for RWGS reaction. 
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Figure 7. The effect of the proportion of cycloparaffins and aromatics in products on ΔG (310 °C). (a) Cycloparaffins in FT-SPK. (b) Aromatics in SPK/A. 
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Figure 8. The effect of hydrocarbon types in the products on the H2/CO2. (a) Seven SAF products. (b) Products with different cycloparaffins and aromatics proportions. 
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Figure 9. Temperature-dependent variation of ΔG in the conversion pathway from CO/CO2 to specific intermediates. (a) CO. (b) CO2. 
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Figure 10. Temperature-dependent variation of ΔG in the conversion pathway from specific intermediates to SAF. 
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Table 1. Composition of hydrocarbon compounds in the aviation turbine fuel as per ASTM D7566 standard.






Table 1. Composition of hydrocarbon compounds in the aviation turbine fuel as per ASTM D7566 standard.





	
Standard

	
FT-SPK

	
HEFA-SPK

	
SIP

	
SPK/A

	
ATJ-SPK

	
CHJ

	
HC-HEFA SPK




	
Hydrocarbon Composition






	
Saturated Hydrocarbons, %

	

	

	
98

	

	

	

	




	
Farnesane, %

	

	

	
97

	

	

	

	




	
Hexahydrofarnesol, %

	

	

	
1.5

	

	

	

	




	
Olefins, mgBr2/100 g

	

	

	
300

	

	

	

	




	
Cycloparaffins, %

	
15

	
15

	

	
15

	
15

	
report

	
50




	
Aromatics, %

	
0.5

	
0.5

	
0.5

	
20

	
0.5

	
8.4~21.2

	
0.5




	
Paraffins, %

	
report

	
report

	

	

	
report

	
report

	
report




	
Carbon and Hydrogen, %

	
99.5

	
99.5

	
99.5

	
99.5

	
99.5

	

	
99.5
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