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With the rapid development of industrial society and humankind’s prosperity, the growing demands of global energy, mainly based on the combustion of hydrocarbon fossil fuels, has become one of the most severe challenges all over the world. It is estimated that fossil fuel consumption continues to grow with an annual increase rate of 1.3%, which has seriously affected the natural environment through the emission of greenhouse gases, most notably carbon dioxide (CO2). Given these recognized environmental concerns, it is imperative to develop clean technologies for converting captured CO2 to high-valued chemicals, one of which is value-added hydrocarbons. In this article, environmental effects due to CO2 emission are discussed and various routes for CO2 hydrogenation to hydrocarbons including light olefins, fuel oils (gasoline and jet fuel), and aromatics are comprehensively elaborated. Our emphasis is on catalyst development. In addition, we present an outlook that summarizes the research challenges and opportunities associated with the hydrogenation of CO2 to hydrocarbon products.
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1 INTRODUCTION
As one of the most notable and biggest emitted greenhouse gases, CO2 has greatly affected the natural environment, leading to global warming (Wang et al., 2011; Sanz-Pérez et al., 2016). Given these recognized environmental concerns, it is imperative to alleviate the CO2 crisis in the atmosphere, an ideal solution to which is proposing sustainable routes that convert CO2 into valuable products, especially the catalytic pathways (Yao et al., 2020). The process of converting CO2 into hydrocarbon products is attracting much more attention in scientific research recently, some of which has proved practicability via pilot-scale or industrial applications. Considering the annual industrial production of CO2 at around 3,300–3,500 Mt (Andrew, 2018), besides the environmental effects, the CO2 conversion process also shows tremendous potential for further industrial amplification and high economic value in industrial application.
However, CO2 is a fully oxidized, thermodynamically stable, and chemically inert molecule (Lu et al., 2014). Thus, the key to advancing CO2 utilization is to develop a highly efficient and inexpensive catalyst, which will decrease the difficulty of CO2 conversion. In recent years, a vast number of researchers have studied the catalysts for the CO2 hydrogenation process, and some recent publications have investigated CO2 conversion into valuable hydrocarbon products (Porosoff et al., 2016; Yan and Philippot, 2018; Whang et al., 2019; Helal et al., 2020; Ramyashree et al., 2021). Meanwhile, hydrocarbon synthesis via hydrogenation of CO2 usually favors the formation of short-chain hydrocarbons, such as light olefins (C2-C4 olefins), rather than long-chain products such as fuel oils. For instance, Zhang et al. (2022) investigated the hydrogenation process from CO2 into light olefins via Fe-based catalysts in situ doped with Mn, which were prepared by the solvent evaporation-induced self-assembly (EISA) method. With the aid of a Ni-supported metallic catalyst, Zhou et al. (2017a) studied the valorization of CO2 into methane and the synthesis process of hydrocarbon products, including dimethyl ether, acetic acid, and gasoline, via CO2 hydrogenation.
1.1 Hazards of CO2
With the ever-increasing rate of population growth, the daily activities of human beings continue to threaten the earth via the excessive emission of greenhouse gases, mainly from the combustion of fossil fuels (Kandaramath Hari et al., 2015; Xu et al., 2017). As the most important greenhouse gas, CO2 presents great stability in the atmosphere, which could persist for 100–160,000 years, reflecting that the global warming caused by CO2 may last thousands of years (Bong et al., 2017; Prasad et al., 2017; Shukla et al., 2017). Thus, CO2 emission is likely to cause great environmental damage such as ocean acidification, which results in other grievous climate changes (Moomaw et al., 2018).
Despite a huge number of challenges brought by CO2 to the environment, the amount of CO2 emitted by human society has continuously increased year by year. For instance, it is projected that the primary energy demand all around the world will reach about 20 billion tonnes of oil equivalent by 2040, approximately 70% of which is obtained from fossil fuels. Furthermore, more than half of CO2 was emitted in the last 50 years due to rapid economic development and urbanization growth, resulting in a record of more than 400 ppm CO2 in today’s atmosphere (Ojelade and Zaman, 2021). In addition to the climatic damage, the effects of CO2 emissions on the economy are noticeable. Many governments spend a huge amount of money on the energy industry, reducing the CO2 emission into the atmosphere (Santos, 2017). Thus, the development of a CO2 conversion process could not only relieve the pressure from the greenhouse effect but also generate enormous economic benefits.
1.2 Ways of managing CO2
In order to limit the rise of temperature to less than 2°C globally (compared to the preindustrial era) by the end of this century according to The Paris Agreement (Santos, 2017), the atmospheric concentration of CO2 must be stabilized. Although the easiest way to decrease CO2 emissions is to improve the usage of various renewable energies, including solar, geothermal, wind, and hydropower, instead of coal and petroleum, fossil fuels are likely to play a dominant role in the next few decades. Thus, the main two methods proposed to achieve the reduction of CO2 concentration are carbon capture and storage (CCS) and carbon capture and utilization (CCU).
During the CCS handling approach, the CO2 collected from transportation and industrial activities is transported to a certain area, followed by long-term burial in geological formations, which experienced only a little progress for a long time because of associated problems (Leung et al., 2014). Hence, this method alone could not solve the problem of global CO2 emission.
Compared with the CCS process, the CCU process and relevant technologies could convert captured CO2 into useful chemicals and fuels, which provides more efficient methods to figure out the global environmental problems (Li et al., 2019a). Considering the inert property of CO2 molecules, it becomes very important to prepare intrinsically stable catalysts with high activity and selectivity, which is helpful to provide a distinct understanding of catalytic transformation in the CO2 converting process.
1.3 Review objective
In the previous sections, the hazards of CO2 emissions, both in the environment and economy, are discussed critically, showing that atmospheric concentration of CO2 must be controlled by carbon capture and utilization. Therefore, the objective of this review is to discuss the advances in the catalytic hydrogenation of CO2 into hydrocarbon products, including short-chain products, fuel oils, and aromatics, especially the development of various catalysts. In addition, the research area that requires further investigation and provides increasing opportunities is discussed finally.
2 VARIOUS ROUTES FOR CO2 HYDROGENATION
The traditional CO2 conversion process to hydrocarbon products is achieved via two indirect ways: 1) the methanol (MeOH) route, in which CO2 is initially converted into MeOH followed by the MeOH to hydrocarbon (MTH), or 2) the RWGS-FTS route, in which CO2 is converted into hydrocarbons via a reverse water gas shift (RWGS) reaction, which converts CO2 to CO followed by Fischer–Tropsch synthesis (FTS) to produce long-chain hydrocarbons from CO (Yao et al., 2017). In both two routes, the distributions of various products, including light/heavy olefins, paraffin, and aromatics, can be controlled by catalytic properties and reaction conditions (Cheng et al., 2017; Zhao et al., 2017). In recent studies, the direct route process of CO2 hydrogenation, in which CO2 is hydrogenated into hydrocarbon products in a one-step reaction, has become the new focus (Zhou et al., 2019a; Ma and Porosoff, 2019; Ronda-Lloret et al., 2019; Ojelade and Zaman, 2021). Compared with traditional routes, the direct route is generally recognized as a more economical and environmentally acceptable process due to its fewer chemical steps, resulting in lower total energy consumed in the entire process (Marlin et al., 2018).
2.1 CO2 conversion to hydrocarbons via the MeOH route
CO2 hydrogenation into MeOH, the oxygenate-mediated pathway, has been investigated for decades, combining CO2-to-oxygenate (reaction 1) and the subsequent MeOH-to-olefins (MTO) (reaction 2) or MeOH-to-aromatics (MTA) (reaction 3) (Liu et al., 2018a). However, the mechanism is still a hot research topic discussed by a great number of researchers.
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For the synthesis of methanol (Wang et al., 2021a), the carboxylate intermediate (*CO2) is reacted to formate (*HCOO) species via hydrogenation and then is further converted to *H3CO. The catalytic system based on Cu/ZnO is one of the most common catalysts used in the CO2 conversion to methanol process, providing active sites of CO2 hydrogenation on the Cu system. Another commonly used catalyst is In2O3/ZrO2, which could enhance the *HCOO hydrogenation to *H3CO, resulting in the promotion of methanol production (Chen et al., 2019a; Jiang et al., 2020a).
The obtained methanol is then converted into olefins via dehydration coupling, forming *CH2CH and subsequent hydrogenation, ultimately hydrogenating into various chemicals such as paraffin or aromatics. The conversion of MeOH to hydrocarbons is mainly achieved with the aid of a zeolitic catalyst, generally HZSM-5 and/or SAPO-34. With medium acidity, high stability, and great selectivity for light-olefins, SAPO-34 has become the most popular MTO reaction catalyst since 1990 (Liang et al., 1990; Chen et al., 1999). As for the MTA process, ZSM-5 is more applicable due to its strong acidity and large microporous channels, which not only improve the activity of the aromatic synthesis process but also the generation of hydrocarbons with long chains gets enhanced as well (Dang et al., 2018).
Compared with the RWGS-FTS process, which has been investigated more extensively, the products obtained from the MeOH route are not limited by ASF distribution, which is favorable for olefin or aromatic production (Li et al., 2017). Thus, the indirect route has greater potential for further industrial amplification and higher economic value in the industrial application (Centi et al., 2013).
2.2 CO2 conversion to hydrocarbons via the RWGS-FTS route
In the RWGS-FTS route for CO2 conversion to hydrocarbons, the reduction from CO2 to CO via RWGS reaction (reaction 4) followed by a series of Fischer–Tropsch synthesis (reactions 5–6) is required (Dorner et al., 2010).
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In the RWGS-FTS route, CO2 is initially absorbed on active phases in the RWGS catalysts (such as Cu and Fe3O4) and activated to form carboxylate species *CO2 (Kattel et al., 2016; Jiang et al., 2020b). Hydrogenated by adsorbed H, the obtained *CO2 is converted into *HOCO intermediate, which is then dissociated into *OH and *CO species during the RWGS reaction and hydrogenated into *H2O subsequently, desorbing gaseous CO or forming hydrocarbons via successive FTS ultimately.
For the reaction route of *CO conversion into hydrocarbons, the *CO species dissociated from *HOCO are initially converted into *HCO, which is subsequently hydrogenated into *CHx species as the precursors for olefins and paraffin by means of a series of processes such as hydrogenation, dissociation, and dehydration. The generated paraffin or olefins could be then converted into aromatics (Tackett et al., 2019).
For the RWGS-FTS reaction route, Fe-based catalysts are most widely used (Herranz et al., 2006; Liao et al., 2007; de Smit et al., 2009; Rønning et al., 2010; Xu et al., 2014), due to their lower activity of methanation under high reaction temperatures, which are favorable for the formation of long-chain hydrocarbons. Among different phases of Fe, Fe2O3 presents an inferior activity for both FTS and RWGS reactions. Thus, the prepared catalysts need to be reduced in reducing gases to convert Fe2O3 to active phases of iron (metallic Fe, Fe3O4, FeO, and iron carbides). The Fe3O4 is an active component for RWGS reaction, while the metallic Fe and iron carbides could convert CO into hydrocarbons. Furthermore, Fe species need to be doped with appropriate promoters to enhance the catalytic activity and increase the hydrocarbon selectivity. For instance, the alkali metals such as Li, Na, K, Rb, and Cs could be used as electron donors, enhancing CO2 adsorption and restraining the H2 affinity over a catalytic active site.
2.3 Direct hydrogenation of CO2
The direct hydrogenation of CO2 process is usually described as a chemical process combining the RWGS reaction and the subsequent hydrogenation reaction, in which CO2 hydrogenation is achieved via a one-step reaction.
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Showing the great potential of addressing excessive CO2 emission and establishing a carbon-neutrality society, the direct hydrogenation process of CO2 to light olefins, liquid fuel hydrocarbons, and aromatics receive greatly sparked enthusiasm from both the academic and industrial worlds, which not only provides a route of preparing high-valued chemicals but also presents feasible cost savings related to the carbon tax, requiring the tandem catalyst containing active sites for the individual reaction step (Gao et al., 2017a; Ramirez et al., 2020; Gambo et al., 2022).
With the aid of a tandem catalyst that has multiple functionalities, the direct conversion of CO2 mediates a series of reactions in the RWGS-FTS route (Wang et al., 2021a; Nezam et al., 2021; Saeidi et al., 2021). As mentioned earlier, the Fe-based catalyst, the most widely used catalyst for the RWGS-FTS reaction, is able to mediate the direct hydrogenation process of CO2 as well. In addition, zeolite also shows potential to be used in the direct process due to its acid sites, which could regulate the subsequent reaction from intermediates to various hydrocarbons (Dokania et al., 2019; Wang et al., 2020a; Wang et al., 2020b). For the direct hydrogenation process, there are two main challenges faced by the design of catalysts. The first one is the suppression of CO selectivity, which could be hydrogenated into various hydrocarbons via FTS reaction, requiring high CO partial pressure produced from RWGS reaction (Li et al., 2017; Tan et al., 2019; Wang et al., 2021b). Another challenge affecting the preparation of hydrocarbon products lies in the formation of CH4, showing negative effects on the preparation of high-valued products such as light olefins and liquid fuels, which depends on the H* balance on the surface of the catalyst, while the excessive H* is favorable for the formation of CH4 (Weber et al., 2021).
The distribution of hydrocarbon products in FTS reaction and direct process under equilibrium conditions follows the Anderson–Schulz–Flory (ASF) distribution, in which the selectivity of various hydrocarbon products is limited by their chain growth, as shown in the following equation (Figure 1):
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where Mn is the molar fraction of Cn hydrocarbon, n is the number of carbon atoms in hydrocarbon (n > 1), and α is the probability of chain growth (van Der Laan and Beenackers, 1999). The other mathematical expression of the ASF distribution is shown as follows (Prieto, 2017):
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where Wn is the weight fraction of Cn hydrocarbon.
[image: Figure 1]FIGURE 1 | Distribution of FTS process products based on the ASF model.
3 CO2 HYDROGENATION TO LIGHT OLEFINS
Among the possible hydrogenation products of CO2, light olefins (C2=-C4=) can be used for polymer monomer or as an intermediate to synthesize fine chemicals, which is a competitive high-value-added product. Generally, light olefins come from petroleum, which requires a very complicated, high-energy-consuming process, emitting lots of CO2 emissions and environmental pollution (Ren et al., 2006; Ren et al., 2008; Centi et al., 2013). The CO2 conversion process to light olefins is accompanied by strong competitiveness compared to the traditional process, such as the inexpensive carbon source, simple reaction equipment, and fewer carbon emissions.
In this section, the modification strategies of catalysts that convert CO2 into light olefins in recent studies are reviewed. Then, we discuss CO2 hydrogenation reaction performance under various reaction conditions. The results of previous research studies are partly shown in Table 1, and details of relevant investigations are discussed in the following parts.
TABLE 1 | Catalytic performances for the CO2 conversion into light olefins.
[image: Table 1]3.1 Promoters
The addition of alkali metals to the active component of a catalyst is a common method of improving activity and selectivity toward olefins. Doped with alkali promoters such as Na and K as electron donors, the adsorption of CO2 on Fe-based catalyst gets improved effectively due to its ability to induce the electronic and structural effects on Fe, enhance the Fe-C bond strength, and inhibit the re-adsorption of olefin, leading to the increment of olefin selectivity and enhancement of C2-C4= olefin production. Compared with the hydrogenation barrier, the catalysts promoted with alkali metals have lower adsorption energy, making it easier to desorb olefin than hydrogenate undesirably (Satthawong et al., 2015; Xu et al., 2019). For instance, the addition of K and Na to Fe can reduce electrophilicity of Fe efficiently, leading to worse H2 affinity of catalyst and a decrease of H concentration on the surface of catalysts, which is favorable for olefin production by hindering the hydrogenation of double bonds in olefins and inhibiting the consequent production of saturated hydrocarbons (Boreriboon et al., 2018a). Another function of alkali metals is to affect the formation of χ-Fe5C2, which is ascribed to the active phase of the FTS reaction. For example, research studies have shown that K, Cs, and Rb could remarkably accelerate the formation of Fe5C2 from FeOx and show enhanced olefin production (Ribeiro et al., 2010).
The alkali metal promoters added to the catalyst can affect the activity of catalysts and selectivity of various hydrocarbon products as well. For instance, a study conducted by Satthawong, R and co-workers showed that the mole ratio of olefin/paraffin in products was significantly increased with an increase in the K/Fe atomic ratio in catalysts, affecting the formation of K2O species as the electron donor, which is favorable for the reduction of Fe species and the formation of Fe5C2 (Satthawong et al., 2013). Liu et al. reported that K presented a similar promoting effect on Co-based catalysts prepared, which could change the electron density of active species, weakening the C-O chemical bond and enhancing the Co-C bond, which is beneficial for olefin production (Liu et al., 2021).
Beyond alkali metals, the addition of a transition metal is another effective method for catalyst modification. For instance, Cu could promote the dispersion of Fe particles, leading to the reduction of FeOx and subsequent carburization to generate iron carbide (Zhu et al., 2020). In addition to Cu, CuO is also an effective promoter that improves the activity of catalysts for RWGS because Cu0 particles (reduced by H2) and FeOx species can be formed during the RWGS reaction, which is beneficial to the formation of active oxygen species on the catalyst surface (Wang et al., 2018a).
The performance of Cu-promoted catalysts also depends on the type of Cu precursor. For instance, the catalyst obtained from delafossite CuFeO2, in which Cu is intermediately oxidized to Cu+, is beneficial to the formation of the χ-Fe5C2 phase, leading to the remarkable selectivity for C5+ hydrocarbons and high olefin/paraffin ratio in products. Moreover, the catalyst promoted by the spinel CuFe2O4 precursor only has great selectivity for olefins, in which the Cu in CuFe2O4 is fully oxidized to Cu2+ (Choi et al., 2017a).
The Fe-based catalyst modified by Zn leads to the generation of ZnO and ZnFe2O4 spinel phases, which leads to an increase in the interaction of Fe-Zn and hinders the sintering of Fe oxides, improving the stability and CO2 adsorption of catalysts. Although the interaction of Zn with Fe is unfavorable for C5+ hydrocarbon production and thereby increases the selectivity for C2-C4 olefin, excessive Zn promotion (the molar ratio of Zn/Fe is more than 1:1) is unfavorable for olefin production due to the increase in selectivity for CO and CH4 promoted by ZnO (Zhang et al., 2015a). With appropriate loading content, the addition of Zn could enhance the activity of catalyst with more active sites on the surface.
Manganese (Mn) and cobalt (Co) are other frequently used promoters in CO2 hydrogenation to olefins. As an active phase in the RWGS reaction, MnOx favors the formation of FeO and Fe mixtures which is beneficial for the adsorption of CO2. The catalyst-promoted Mn shows greatly improved selectivity toward light olefins due to the availability of strong Mn-Fe surface species, increasing the Fe5C2 phase content and decreasing the amount of CO adsorption. Hindering the chain-growth reaction, the interaction between Fe and Mn favors the production of olefins, leading to the increase of the olefin/paraffin molar ratio in products. With an increase of loaded Mn from 0 to 5 wt%, the amount of Fe5C2 in the catalyst increases from 27.1 to 76.8 wt%. However, the amount of Fe5C2 decreased when the amount of Mn loading was more than 10 wt% (Liang et al., 2019; Jiang et al., 2020b).
3.2 Catalyst supports
In addition to promoters, support is also a crucial factor that affects the activity and selectivity of the catalyst due to its ability to interact with active phases during the reaction. Various kinds of support materials have been employed in CO2 conversion to light olefins, including metal oxides and metal-organic frameworks (MOFs), which have particular structures beneficial for heat and mass transfer during the reaction (Ronda-Lloret et al., 2019). With mesoporous or macroporous structures, these supports can form active species over catalyst surface, which is able to induce the electronic properties of catalysts, improving their catalytic performance.
With the ability to affect the crystallite size of catalysts, improve the reducibility of Fe2O3 phases, and control the selectivity for various products, Al2O3 is one of the most widely used metal oxide supports for Fe-based catalysts (Numpilai et al., 2019). For instance, Al2O3 with a large pore size could promote the Fe2O3 reduction to metallic Fe, enhancing CO hydrogenation. With high surface basicity, which could improve CO2 adsorption during the reaction, ZrO2 is considered one of the most active supports among various metal-oxide supports. This is also suitable for CeO2 support which could affect the ratio of olefin/paraffin in products (Xu et al., 2019). With great redox properties, CeO2 support is capable of modifying the properties of catalysts and promoting the reduction of FeOx species into active phases, which could be enhanced by using catalysts with nano-cube and nanoparticle structures (Liu et al., 2017).
In particular, metal-organic framework (MOF) is a promising catalyst support due to its large CO2 adsorption capacity, high surface areas, and hydrothermal tolerance (Liu et al., 2017), which has also been investigated for CO2 to light olefin (CTLO) process. For example, the Fe-based catalyst coated ZIF-8 presents a remarkable selectivity for light olefins, whereas the catalysts supported MIL-53 and g-Al2O3 with high acidity are unfavorable for olefin production, leading to the enhancement of CO2 hydrogenation into alkanes (Hu et al., 2016). Additionally, the selectivity for olefin decreases with the size of supports and the amount of coated graphitic carbon, which might affect the diffusion of reactants, intermediates, and products, consequently changing the distribution of various products.
In addition the supports shown earlier, TiO2 and SiO2 also have potential as catalyst supports in the CO2 hydrogenation process. With oxygen vacancies on the surface, TiO2 provides additional sites for CO2 adsorption, favorable for the formation of bridged carbonate species, which consequently decompose into carbon intermediates for the C-C coupling reaction (Tumuluri et al., 2017; Boreriboon et al., 2018b). In contrast to other support materials, SiO2 could facilitate the dispersion of Fe species, resulting in the suppression of aggregation of active iron particles, which decreases the conversion of CO2, which is favorable for methane formation (Samanta et al., 2017).
3.3 Preparation methods
In addition to using different supports and promoters shown earlier, the preparation methods are another important factor that influences the CO2 conversion reaction performance. Albrecht, M. et al. utilized a cellulose-templated synthesis method to prepare a non-doped Fe2O3 catalyst, which shows a greater catalytic performance of CO2 conversion and higher olefin selectivity than Fe2O3 prepared by precipitation. The superior performance of non-doped Fe2O3 may be due to its high content of Fe carbides (around 80%), consisting of χ-Fe5C2, ε-Fe2.2C, and/or θ-Fe3C, much higher than that of precipitated Fe2O3 (about 30% χ-Fe5C2), favoring chain growth and suppressing the formation of CH4 (Albrecht et al., 2017).
The structure and oxidation state of Fe are greatly affected by the duration of the calcination. For instance, Fe3O4/γ-Fe2O3 phases are generated under fast calcinations, inducing the formation of Fe carbide phases with high activity (Visconti et al., 2017). In addition to calcination time, temperature is another effective factor. For Fe-Co/KAl2O3, the increase in calcination temperature could enhance the interaction of Fe oxide with other metal oxides from supports and promoters. On the other hand, the increment of calcination temperature leads to the suppression of Fe oxide reducibility, decreasing the activity of Fe carbides (Numpilai et al., 2017). Additionally, engineered nanostructures could also be used to direct the reactions of the CO2 hydrogenation process.
For instance, Liu and co-workers prepared Fe-based catalysts overcoated with ZnO and nitrogen-doped carbon (NC), which exhibited enhanced catalytic activity, stability, and high selectivity toward light olefins and C5+ hydrocarbons (Liu et al., 2019).
3.4 Optimization of reaction conditions
The reaction conditions, including temperature, pressure, velocity speed, and composition of the feed gas, play an important role in the CO2 conversion process by affecting the reaction activity and distribution of various products. For instance, as a decreased mole reaction, the high reaction pressure is favorable for CO2 hydrogenation thermodynamically. In addition, high reaction pressure favors the generation of *C species from CO dissociation on the catalyst surface, facilitating the formation of Fe carbide phases (Xu et al., 2019). Thus, the high reaction pressure is considerable under the premise of catalyst stability.
CO2/H2 ratio in feed gas also affects the CO2 hydrogenation process, which could control the distribution of various products, especially the ratio of olefins to paraffin. For instance, CO2 conversion presents higher activity with a lower CO2/H2 ratio. Additionally, the secondary hydrogenation of olefins gets suppressed under high CO2 pressure, resulting in the improvement of light olefin selectivity (Ramirez et al., 2018; Jiang et al., 2020b). Another important parameter is the reaction temperature. In general, the increment of the reaction temperature is favorable for both the activity of RWGS and FTS reactions. In addition, high reaction temperature has positive effects on olefin selectivity because it is favorable for chain growth in FTS, leading to the increase of selectivity toward light olefins.
4 CO2 HYDROGENATION TO GASOLINE
The CO2 conversion process to selective hydrocarbons is essential for renewable energy demands, contributing to the alleviation of excessive CO2 emissions. Amongst all kinds of gaseous and liquid hydrocarbons from C1 and C2 up to > C21, the production of hydrocarbon fuels has attracted worldwide attention from society due to its ability to produce truly clean energy (Yao et al., 2020). In this section, various modifications of CO2 hydrogenation catalysts that produce gasoline range hydrocarbons (C5-C11), both zeolite-based and non-zeolite catalysts (including photocatalyst), are reviewed.
4.1 Zeolite-based catalysts for CO2 conversion into gasoline
With variable pore structures that could improve the catalytic performance, zeolite-based catalysts have continued attracting a lot of interest in the CO2 hydrogenation process into gasoline (Ma et al., 2016; Zhou et al., 2017b; Poursaeidesfahani et al., 2017; Arslan et al., 2019). For instance, Ni et al. prepared a catalyst system with a combination of ZnAlOx and HZSM-5 (Ni et al., 2018). With low CO2 conversion (∼10%), the obtained catalyst presented high selectivity for CO of the total product (57.4%), with HC fractions that are mainly aromatics (∼74%). Gao and co-workers used In2O3 instead of Zn-Al oxide to prepare the HZSM-5 catalyst, aiming to improve gasoline fraction selectivity (Gao et al., 2017b). Although presenting high selectivity for overall HC production (∼78%), the obtained catalyst also had a high selectivity for CO (∼45%), which is likely to limit the overall selectivity of the goal product. Similarly, the catalyst system combining HSAPO-34 and In2O3-ZrO2 was reported by the same group (Gao et al., 2017a). With the aid of light olefin (C2-C5) production, the prepared catalyst had an exceedingly high selectivity of CO production (>80%), greatly limiting the distribution of the products and application of the tested catalyst. Fujiwara and co-workers prepared a series of multi-metal CO2 hydrogenation catalysts, such as HY zeolite loaded with Cu-Zn-Cr, testing the distribution of various products including olefins, paraffin, and aromatic components (Fujiwara et al., 1995). With the high conversion of CO2 (33.5%), the results showed that hydrocarbon selectivity was poor, whereas CO reached a selectivity of 80%. Wang and co-workers investigated the effects of zeolitic topology, such as H-BEA and ZSM-5 on the activity of Fe-Zn-Zr catalysts (Wang et al., 2016). The results showed that H-BEA supporting co-structured catalyst had better activity (and >68% selectivity) than that supported on H-ZSM-5 and HY, and the best selectivity of hydrocarbon products was in the production of isoalkanes (∼81%). Using Na modified Fe3O4 supported on ten-membered ring (MR) channels, Wei et al. prepared gasoline fraction (C5-C11) from CO2 hydrogenation with a best selectivity of 61% and a CO selectivity of only 15%, showing that olefin was oligomerized into gasoline and diesel range hydrocarbons (C5-C11) (Wei et al., 2017) (Figure 2).
[image: Figure 2]FIGURE 2 | CO2 conversion and different product selectivity of various catalysts (Wei et al., 2017). (A) Na-Fe3O4/zeolite catalysts. (B) Different H2/CO2 ratios over Na-Fe3O4/HZSM-5 catalyst.
Rongxian et al. tested the catalytic performance of Fe/Zn catalyst loaded on different zeolites modified by various metals, including La, Al, Mn, Cr, and Zr, the results of which showed that the activity of CO2 hydrogenation catalysts was greatly affected by the bulk properties of modifiers (Rongxian et al., 2004). For instance, the catalyst modified by La presented the worst gasoline iso-alkane yield (less than 26%) whereas the Zr-modified catalyst showed the highest iso-alkane selectivity (about 55%). Similarly, Tan and co-workers used Cr, Al, Ga, and Zr to modify the HY zeolite-loaded bi-metallic catalyst, converting CO2 into i-C4H12. Amongst different kinds of prepared catalysts, the Fe-Zn-Zr catalyst loaded on the HY presented the highest yield for i-C4H12.
Wang and co-workers investigated the distribution of gasoline range hydrocarbon products, including alkane, alkene, and aromatics, using different zeolite-based catalysts (Wang et al., 2020a). As per the experiment results, the alkenes had the highest selectivity by using MOF-synthesized Na-Fe/C catalysts. Multifunctional Na-Fe-C and Na-Fe/C catalyst systems coupled with acidic H-ZSM-5 zeolite presented the best aromatics yield (30.9%), where the CO2 was directly converted into aromatics. Additionally, the molar ratio of alkane to alkene in products dramatically decreased from 5.63 to 0.68 by adding H-ZSM-5, indicating that acidic zeolite led to the conversion of alkene to aromatics via dehydrogenation and cyclization reaction. For instance, the molar ratio of isoparaffin to paraffin in the products of Na-Fe-C catalyst loaded on H-ZSM-5 was 3.56, verifying the precise adjustment of the effects of acidic zeolites on the product distribution. Furthermore, catalysts loaded on alkaline-treated H-ZSM-5 presented an increment in aromatics selectivity and a decline in the selectivity for C5+ non-aromatics.
Wang et al. (2021b) prepared a novel catalyst via the combination of TPABr solution-treated metal oxide (Fe-Zn-Zr-T) and HZSM-5, which is used in the CO2 hydrogenation process to produce liquid hydrocarbon fuel with high quality. With the aid of hydrothermal pretreatment, both Zn from metal oxide and Br from TPABr solution get enriched in the catalyst, leading to an increment in the number of oxygen vacancies. Thus, the ratio of H2 to CO2 adsorption gets remarkably increased due to the surface properties of the catalyst, resulting in the enhancement of the adsorption rate of HCOO* species and desorption strength of CH3O* species, favorable for the formation of long-chain hydrocarbons (Graf et al., 2009; Kattel et al., 2017; Li et al., 2019b). With the decrease in the molar ratio of Fe to Zn-Zr, the content of HCOO* and CH3O* species increased dramatically, leading to a much higher selectivity for C5+ hydrocarbons on the obtained catalyst (Fe-Zn-Zr-T@HZSM-5). With a CO2 conversion of 18%, the isoalkane in C5+ hydrocarbons reach a maximum selectivity of 93% (Figure 3).
[image: Figure 3]FIGURE 3 | CO2 conversion and selectivity for various products over different catalysts (Wang et al., 2021b). (A) Fe-Zn-Zr and Fe-Zn-Zr-T-x oxides. (B) Fe-Zn-Zr@HZSM-5 and Fe-Zn-Zr-T-x@HZSM-5 core shell. (C) Fe-Zn-Zr/HZSM-5 and Fe-Zn-Zr-T-72 h/HZSM-5 granular mixing. (D) Fe-Zn-Zr-T-24 h@HZSM-5 core shell under different reaction temperatures.
Guo and co-workers prepared a series of Fe/Co catalysts loaded on Y-zeolites containing different metals (such as Ce, K, and La) to convert CO2 into linear-alpha olefins (LAOs) (Guo et al., 2019). The research results showed that the content of activated carbide (Fe5C2) in catalysts was greatly affected by ion exchange strategies, resulting in the differences in activity. With the highest selectivity of C4+ alkenes (45.9%), the method of hetero-atom doping presented the best reaction performance with a CO2 conversion of 25.9%. Furthermore, the Fe/Co catalyst loaded on K+ exchanged zeolite showed better LAO selectivity than other catalysts, with a maximum conversion of 78.9%.
In order to convert CO2 into light hydrocarbon fuels with ideal selectivity at mid-low temperature, Ramirez et al. prepared a catalyst by combining ZrS catalyst loaded on the SAPO-34 and the Fe catalyst (such as Fe2O3@KO2), which presented a temperature gap with CO2 conversion (Ramirez et al., 2020). The research results indicated that the selectivity of light olefins was significantly affected by the properties of zeolites. In addition, the ZrS layer was favorable for the cracking of heavy hydrocarbons (C5+) generated on the Fe phases, covering the shortage of conventional zeolites. With a CO2 conversion of up to 50%, the yield of light olefin reached 20%. Under the reaction conditions of 375°C, 30 bar, and H2/CO2 = 3 and 500 ml/g·h with a light olefin space-time yield of 10.4 mmol/gcat·h, the total selectivity of C2-C4 olefin reached 40–45%, with a CO selectivity of only ∼16%. The investigation results also showed a slight increment of C2-C4 light olefin selectivity from 41% to 43% by the combination of Fe2O3@KO2 catalyst with SAPO-34, compared with a common catalyst system.
4.2 Non-zeolite catalysts for CO2 conversion into gasoline
For non-zeolite catalysts, Fe-based catalysts are one of the most common catalysts for CO2 conversion into hydrocarbons. Amoyal and co-workers synthesized a series of K-modified Fe catalysts, such as Fe-Al-O and Fe5C2, to synthesize gasoline hydrocarbons range fuel (C5+) and investigated the catalytic performance of various catalysts (Amoyal et al., 2017). The research results indicated that the addition of K incorporated on Fe-Al-O spinel generated oxygen vacancies on catalysts, leading to the enhancement of the reducibility of catalyst particles. Generally, high content of K loading would decrease the activity of catalysts. However, the K loading on Fe5C2 was favorable for the improvement of CO2 hydrogenation activity to hydrocarbons with a yield of ∼100%. A similar result was obtained from the results reported by Liu and co-workers, in which a Fe-based catalyst was prepared by using a metal-organic framework (MOF) (Zhou et al., 2017b). Compared with the Fe catalyst loaded on Al2O3 which had a CO2 conversion of less than 26% and a bad stability for less than 7 h, the novel catalyst showed better activity (∼40% CO2 conversion) and improved stability (>30 h). The results further indicated the negative effects of Fe content on catalytic activity. With the increase of Fe amount from 10% to 30%, the CO2 conversion decreased from 26% to less than 20%. Kangvansura and co-workers investigated the effects of nano-Fe/N-doped CNT on the catalytic performance of CO2 hydrogenation catalysts (Kangvansura et al., 2017). Although a nano-Fe/N-doped CNT catalyst without modification reached a CO2 conversion of 38%, the Fe sintering in catalysts led to poor stability, limiting its application. With the addition of nano-Fe/N-doped CNT and other metal modifiers such as K and Mn, the stability of the CO2 conversion process was greatly improved, during which the light olefin was shifted to C5+ hydrocarbons. In a similar study, Wang et al. prepared Fe-Zn catalysts modified by K via different methods to synthesize C5+ hydrocarbons (Wang et al., 2018b). The results showed that catalysts prepared by the hydrothermal route presented higher selectivity for C5+ (>30%), while the co-precipitation route is favorable for the improvement of both CO2 conversion and hydrocarbon selectivity, with lower C5+ selectivity.
Kim et al. prepared a series of CO2 hydrogenation catalysts by adding mesoporous bimetallic spinel oxide (MAl2O4, where M = Mg, Co, Cu, and Zn) and investigated the catalytic performance of the obtained catalysts under high H2 pressure at a reaction temperature range from 300 to 400°C (Kim et al., 2020). Despite the inferior selectivity for most catalysts that produced CO as major products (>78%), CoAl2O4 presented a much better performance that produced CH4 as the major product with a selectivity of 80%. The research result indicated that the activity of spinel oxide catalyst depends on its type. The reaction temperature was another significant factor affecting the catalytic performance of spinel oxide catalysts. For instance, CuAl2O4 showed higher CO2 conversion (25.8%) at 300°C than other catalysts under the same temperature: CoAl2O4 (16.5%) >ZnAl2O4 (7.0%) >MgAl2O4 (5.1%), indicating that Co had the best hydrogenation activity, while Mg was the weakest active component.
As highly porous crystalline materials, the MOFs and COFs have been utilized for the preparation of CO2 conversion to hydrocarbons in recent studies. Despite inferior total CO2 conversion, catalysts over MOFs presented great selectivity of certain hydrocarbons. For instance, Tarasvo and co-workers synthesized Co/Al nanohybrid catalyst loaded on microporous MOF Al by an MW-assisted method (Tao et al., 2016). The obtained catalyst showed bifunctionally improved activity of CO2 hydrogenation to CO and hydrocarbon fuel production from CO. Under the reaction conditions of 340°C, 30 atm, 800 h−1, and H2/CO2 = 2.7, the optimized reaction reached a CO2 conversion of 37.5% and a product distribution of 53.2% CH4, 24% C2-C4 hydrocarbons, and 22.7% C5+ hydrocarbons. Adding MOF as a precursor, Ramirez and co-workers prepared a series of Fe-based CO2 hydrogenation catalysts modified by various elements (Ramirez et al., 2018) (Figure 4). The activity and selectivity of novel catalysts were investigated for short-chain olefin production. Compared with catalysts modified by other metals, the K-modified catalyst presented a better activity of CO2 hydrogenation and higher selectivity for C2-C6 olefins, increasing from 24% to 0.7%–35% and 36%, respectively. The optimized reaction conditions were 320°C, 30 bar, 2,400 ml/g·h, and H2/CO2 = 3. With the aid of extensive characterization, the effects of K on the improvement of the catalytic performance of modified catalysts were investigated. Initially, the addition of K could balance the amount of different Fe phases (such as Fe oxide and Fe carbide) that are favorable for CO2 hydrogenation. Additionally, K could effectively enhance the absorption of CO2 and CO and reduce the affinity of H2, leading to the improvement of olefin selectivity. Based on the TEM analysis results, the Fe particles in catalysts are confined within the highly porous carbon matrix with an average size of 4.4 nm. Furthermore, the carbonization led to the reduction of material porosity from 924 to 243 m2/g. The hydrocarbon product distribution showed that the selectivity of C2-C6 olefins significantly improved after K modification, while other promoters were unfavorable for olefin production. Under a reaction temperature of 350°C, optimized CO2 conversion and C2-C6 olefin selectivity were obtained with 38.5% and 38.8%, respectively.
[image: Figure 4]FIGURE 4 | Morphological characterization and product distributions of the Fe MOF (metal-organic framework)-mediated catalyst (Ramirez et al., 2018).
Qadri et al. prepared Ru-Fe nanoparticle (NP) catalysts via ionic liquids (ILs) to achieve selective hydrogenation of CO2 to fuel range heavy hydrocarbons under normal reaction conditions (Qadir et al., 2018). The results indicated that the NPs presented the excellent activity to produce long-chain hydrocarbons, reaching a CO2 conversion and a C7-C21 selectivity of 12% and 10%, respectively. During the reaction, the diffusion and residence time of both intermediates and products were controlled by the cage around the Ru-Fe NPs formed by ILs. In addition, the CO2 conversion rate was not affected by the rise in reaction temperature, which, however, would lead to the change of heavy hydrocarbon selectivity. Another study investigated by Qadri reported the CO2 hydrogenation process into light hydrocarbons by using bimetallic Ru/Ni nanoparticles, composed of Ru-rich shells and 2–3 nm Ni-rich cores, under optimized reaction conditions of 150°C, 8.5 bar, and H2/CO2 = 1:4, with a ratio of Ru/Ni nanoparticles of 3:2 in hydrophobic ILs (Qadir et al., 2019). By using an obtained catalyst, 30% of CO2 was converted into hydrocarbons with a distribution of 79% alkanes, 16% olefins, and 5% CH4.
As semiconductor materials, photocatalysts are activated in the presence of light irradiation and described as light-photon catalysis to cause catalytic reactions, which have been used in different methods such as chemical oxidation and air purification (Khan et al., 2017). Amongst different kinds of semiconductor photocatalysts, metal oxides such as TiO2 and ZnO have gained considerable attraction due to their low cost and high reduction potential, which could be used as catalyst materials for CO2 hydrogenation (Ramyashree et al., 2021). In recent studies, electroreduction of CO2 has been investigated to prove the mechanism of propanol formation (Veenstra et al., 2020), which also implies the formation parameters during the CO2 reduction process to higher hydrocarbons, which is favorable for the design of catalysts to improve selective product selectivity. The mechanism of photocatalytic CO2 conversion involves multielectron transfer and the corresponding redox potentials for various products, as shown in reactions from 11 to 15 (Low et al., 2017; Fu et al., 2018).
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As an inert molecule, CO2 is enormously hard to convert into chemicals at room temperature, making it difficult to achieve the photoreduction of CO2. In addition to the reaction temperature, the photocatalytic process of CO2 conversion is also influenced by other factors, including charge carrier’s separation, band gap energy matching, and photocatalyst basicity (Liu et al., 2012; Mori et al., 2012; Li et al., 2014).
With suitable CB electron, the titania shows great potential to be used for photocatalytic conversion of CO2 to hydrocarbons due to its excellent adsorption of visible light and greatly enhanced activity of CO2 photoreduction to hydrocarbons (Zhang et al., 2011; Li et al., 2012; Gao et al., 2020a). A lot of efforts have been made to achieve the enhancement of TiO2 photocatalysis. For instance, a variety of studies have reported the photocatalytic performance of TiO2 doped with non-metals (Asahi et al., 2001; Li et al., 2005; Yu et al., 2005; Schneider et al., 2014) or transient metal ions (Ola and Mercedes Maroto-Valer, 2014; Ola and Maroto-Valer, 2016), significantly extending the light adsorption range of TiO2 and enhancing the activity of CO2 photoreduction. Additionally, TiO2 co-doped with metal and non-metal presented the ability to improve the photoreduction of CO2 under visible light. Fan and co-workers prepared TiO2 doped with Ni2+ and N and investigated the synergistic effect, achieving a MeOH yield of 3.59 μmol/g·h at visible light (400–780 nm) (Fan et al., 2011). Furthermore, a variety of recent studies have prepared hydrocarbon fuels with the aid of a hybrid photocatalyst, overcoming the effects of by-products ranging from CO to CH4. For instance, Cronin and co-workers used a TiO2 photocatalyst decorated with plasmonic Au NPs for CO2 reduction under UV (Hung et al., 2015). The product prepared from the hydrogenation process changes with the frequency of ultraviolet radiation. As the only product, methane reached a yield of 22.4 μmol/g·h under visible light (532 nm). When the UV range changed to 254 nm, a series of products including C2H6, CH3OH, and HCHO was obtained. In addition to Au, Ag is another material that could be pelletized to doping on TiO2 photocatalyst. Liu and co-workers used TiO2/Ag-NP nanowire films to prepare MeOH (Liu et al., 2015a). With 2.5 wt% Ag/TiO2, MeOH production reached 22.4 μmol/g·h under UV-Vis light radiation, 9.4 times higher than that using pure TiO2 (Liu et al., 2014). In addition, other metal NPs (including Cu, Ru, Ga, and Cd) have also been used for the process of CO2 photocatalytic reduction (Marcì et al., 2014; Liu et al., 2015b; Jun et al., 2019).
In addition to experimental studies, simulation is another significant method to investigate the CO2 conversion process into various hydrocarbons. Based on the results of density functional theory (DFT) studies, Peterson and co-workers demonstrated that the formation of CHO* intermediate via the protonation of adsorbed CO* was the controlling step of the electrochemical CO2 reduction process (Peterson et al., 2010). The study results reported by Lim and co-workers indicated that structural and electronic properties of Cu could be modified by defective graphene-supported Cu-NP, achieving the enhancement of CO2 electrochemical reduction to hydrocarbon fuels (Lim et al., 2014).
Subramanian et al. synthesized a multi-metallic greatly disordered nano-crystalline alloy (AuAgPtPdCu) to convert CO2 into gaseous hydrocarbon fuels, associated with the activity of highly disordered alloy simulated by DFT (Nellaiappan et al., 2020). Azofra et al. used DFT to simulate the activity of nitride meshes doped with beryllium (Azofra et al., 2016). The results indicated that the obtained highly reactive material produced π-hole, leading to a decrease in CO2 hydrogenation activity, which is favorable for the improvement of CH4 selectivity.
5 CO2 HYDROGENATION TO JET FUELS
In addition to gasoline, jet fuel is another widely used liquid fuel in the modern transportation system. As the aviation fuels used in gas turbine-powered aircraft, the main components of jet fuel are linear and branched alkanes and cycloalkanes with a carbon number from C8 to C18, the ideal carbon chain length of which is C8 to C16 (Kallio et al., 2014). Like other hydrocarbon fuels, the production of jet fuel from renewable energy not only effectively alleviates environmental problems caused by tremendous CO2 emissions but also the excessive dependence of human society on fossil fuels is reduced as well (Gao et al., 2020b). In this section, the results of recent academic studies converting CO2 into jet fuel are reviewed, focusing on the modification and preparation methods of catalysts.
5.1 Promoters
With high RWGS activity, the Fe-based catalyst is a common FTS catalyst used for long-chain hydrocarbon production (Owen et al., 2016; Shi et al., 2018). For instance, Albrecht et al. (2017) used Fe2O3 catalyst synthesized by the cellulose templated method for the CO2 hydrogenation process, achieving a CO2 conversion of 40% under the optimized operation conditions of 1.5 MPa and 350°C, with a selectivity for CH4, C2-C4, and C5+ hydrocarbons of 12%, 36%, and 36%, respectively. Aiming at improving the selectivity for long-chain hydrocarbons, the introduction of promoters, such as alkali metals, to the active component of catalyst formulation is a common modification method. Zhang et al. (2021) prepared a novel CoFe alloy catalyst modified by Na to achieve direct CO2 hydrogenation to jet fuel range hydrocarbons. Compared with the original CoFe catalyst without a promoter, which consumes 19.6% CO2 with a high CH4 selectivity of 70.3%, the Na-modified catalyst had a significantly decreased CH4 selectivity and a remarkably increased C8+ hydrocarbon selectivity, achieving an optimized selectivity of 64.2%. With a sodium amount of 0.81 wt%, the C8+ selectivity of the modified CoFe catalyst was 2.4 times higher than that of the original catalyst, while the selectivity of CH4 was 4 times lower, indicating that the addition of Na has stronger effects on the suppression of CH4 production than the enhancement of C8+ production.
In addition to alkali metals, the addition of secondary metal could also enhance the production of long-chain hydrocarbons. For instance, cuprum and zinc are commonly used promoters as well, favorable for the reduction of Fe2O3 and the adsorption of CO2, which could increase the selectivity for C5+ hydrocarbons and decrease CH4 selectivity effectively (Satthawong et al., 2013; Zhai et al., 2016; Choi et al., 2017b; Liu et al., 2018b). Choi et al. (2017a) reported Fe-Cu catalysts that are used in the CO2 hydrogenation process. Under the optimized conditions of 1.0 MPa and 1800 ml/g·h, C5+ hydrocarbon reached the highest selectivity of 66.3%, while C2-C4 hydrocarbons and methane present a selectivity of 31% and only 2.7%, respectively. Yao et al. (2020) used the organic combustion method to prepare a series of Fe-based catalysts for the conversion of CO2 into jet fuel range hydrocarbons. Compared with Fe catalysts without promoters, Fe-Zn-K, Fe-Cu-K, and Fe-Mn-K catalysts presented better selectivity for the synthesis of jet fuels with lower methane and C2-C4 hydrocarbon selectivity. As for the effects of various base-metal promoters, all catalysts promoted by alkali metals presented great CO2 hydrogenation activity and jet fuel range hydrocarbons selectivity, despite the Li-modified catalyst which shows high methane selectivity but low selectivity for long-chain hydrocarbons. With a CO2 conversion of 38.2%, the optimized Fe-Mn-K catalyst showed a selectivity for C8-C16 hydrocarbons of 47.8% with a low selectivity for both CH4 and CO (Figure 5).
[image: Figure 5]FIGURE 5 | Catalyst performance for the hydrogenation of CO2 into jet fuel range hydrocarbons over various Fe-based catalysts (Yao et al., 2020) Copyright © 2020, The Authors. (A) CO2 conversion and CO selectivity under a reaction time of 20 h. (B) Selectivity for different hydrocarbon products under a reaction time of 20 h.
5.2 Catalyst supports
With unique steric properties including multidimensional structure, complex porosity, and appropriate acidity, zeolites have been widely utilized in isomerization reactions (Akhmedov and Al-Khowaiter, 2007; Lesthaeghe et al., 2007; Shamzhy et al., 2019; Miao et al., 2020), showing great potential for the synthesis of long-chain hydrocarbons from CO2 (Gao et al., 2017b; Ni et al., 2018; Wei et al., 2018; Zhang et al., 2019a; Wang et al., 2019). For instance, Soualah et al. (2008) studied the effects of structural properties of various zeolites (HZSM-5, HMCM-22, and HBeta) on the hydro-isomerization of long-chain alkane over a Pt catalyst. The results indicated that the diffusion of different reactants is significantly affected by the inside porosity and structural properties of zeolites in the catalyst, leading to an increment in the number of branches in each isomer. Wei et al. (2018) designed a novel Na-modified Fe3O4 catalyst coupled with various acidic zeolites, which presented greatly improved selectivity for liquid hydrocarbons, indicating that steric property is the most important factor influencing the selectivity for C5+ hydrocarbons for the catalysts coated with zeolites.
Based on the investigation results of the direct hydrogenation of CO2 to multibranched isomers (Liu et al., 2009; Zhang et al., 2019b; Cheng et al., 2020), Noreen et al. (2020) prepared a novel NaFe catalyst (Na/Fe3O4) coated on various acid zeolites including SAPO-11 and ZSM-5 for CO2 conversion into liquid hydrocarbons. With aid from sodium ion which is favorable for the formation of Fe5C2 and acid sites in catalyst, the NaFe catalyst presented a CO2 conversion of 32.9% and a C5+ hydrocarbon selectivity of more than 60%, which greatly enhanced via adding zeolites to the catalyst stream. Compared with the original catalyst, both the CO2 conversion and liquid hydrocarbon selectivity significantly increased due to the oligomerization reaction on the acid sites of zeolites, resulting in a decrease of light hydrocarbon content, achieving a maximum C5+ hydrocarbon selectivity of 75.5% (ZSM-5) and 72.3% (SAPO-11). However, the yield of C5+ hydrocarbons was reduced by combining different zeolites in the catalyst, showing that the activity of the isomerization reaction is affected by both the kind and mass of zeolites. As for selectivity for CO, no well-marked relationship could be found by research results, showing that RWGS activity is affected by NaFe instead of zeolite type.
5.3 Preparation and operation conditions
Similar to the catalysts used for producing other products, the selectivity for C5+ hydrocarbons in the CO2 hydrogenation process is influenced by the preparation methods of the catalyst. For instance, the catalytic performance of the catalyst system reported by Tan et al. was remarkably affected by the conditions of hydrothermal pretreatment, including hydrothermal time and temperature. With an increment of hydrothermal time, both the conversion of CO2 and selectivity for Oxy increased significantly, which greatly affects the distribution of various hydrocarbon products. On the other hand, the conversion of CO2 decreases slightly with the increment of hydrothermal temperature. Under an optimized temperature of 180°C and a weight ratio of TPABr to Fe-Zn-Zr of 1.0, the selectivity for isoalkane in C5+ hydrocarbon products reaches a maximum of 93%, which indicated the great importance of matching the content of metal oxides and ZSM-5 zeolite during the catalyst preparation process.
In addition to the preparation methods of catalyst, the distribution of various hydrocarbon products is greatly influenced by the operation conditions (reaction temperature, pressure, and time) as well. For instance, as an endothermal reaction, high temperature is beneficial to the RWGS reaction; it is favorable for the conversion of CO2 and the formation of CO. However, the selectivity of hydrocarbons decreased gradually with the increment of reaction temperature. Additionally, the isomerization reaction and hydrogen transfer of higher olefins also present great activity at high temperatures, resulting in a stable selectivity for C5+ isoalkanes and a decreased yield of aromatics at high reaction temperatures (340–370°C) (Figure 5D).
A similar result is obtained from the CO2 hydrogenation to jet fuel synthesis over NaFe catalyst, in which the activity was reduced with the decrease of reaction temperature (Figure 6). In order to suppress the activity of RWGS reaction, an optimal reaction temperature was found to be at 240°C, with a CO2 conversion of 10.2% and a selectivity for CH4 and C8-C16 hydrocarbons of 19% and 63.5%, respectively. As for the effects of space velocity on the catalytic performance, the selectivity for jet fuel range hydrocarbons increased remarkably with an increment of feed gas space velocity, reaching a maximum of 73.1%, while both the selectivity for CH4 and conversion of CO2 decreased significantly.
[image: Figure 6]FIGURE 6 | Effects of operation conditions on catalyst performance for the hydrogenation of CO2 into jet fuel range hydrocarbons over CoFe-0.81Na catalyst (Zhang et al., 2021). (A) Different reaction temperatures. (B) Different space velocities.
6 CO2 HYDROGENATION TO AROMATICS
Amongst various products of CO2 hydrogenation, aromatics are one of the most valuable chemicals, which could be utilized as the raw materials of polymers, medicines, and petrochemicals (Niziolek et al., 2016). Currently, most aromatics come from the process of petroleum refining, including oil thermal cracking and naphtha reforming. Moreover, methanol-to-aromatics (MTA) is another crucial process of aromatics production (Zhang et al., 2014). With an increment rate of 6% per year, the increasing demand for high-valued materials synthesized from aromatics has attracted attention from both industry and scientific research, which, however, mainly depends on the energy-intensive petroleum and natural gas industry (Olsbye et al., 2012). Thus, it is imperative to propose an alternative process for preparing aromatics from CO2, providing an important method of developing valuable chemical production processes with relatively low cost. Recently, a variety of research studies have investigated CO2 hydrogenation for synthesizing aromatics. In this section, a comprehensive review of the aromatics production from CO2 from both RWGS-FTS and MeOH routes is provided, the emphasis of which is focused on the various modification approaches of different catalysts. Moreover, synthesis methods and optimization of reaction conditions are discussed as well. Some results of previous studies are shown in Table 2.
TABLE 2 | Catalytic performances for the CO2 conversion into light aromatics.
[image: Table 2]Compared with the traditional FTS catalysts which produced products presenting broader carbon number distributions but relatively low aromatics selectivity, catalysts loaded on ZSM-5 presented higher aromatics selectivity, showing great ability to facilitate the aromatization of olefins (Tackett et al., 2019). For instance, the n- and iso-hydrocarbons produced on active sites in Fe catalyst could be diffused into inner channels of HZSM-5, taking part in the sequential aromatization reactions, which results in the high aromatics yield and relatively low paraffin selectivity of Fe catalyst loaded on HZSM-5 zeolite (Cui et al., 2019). In addition to Fe, composite catalysts containing other metals or metal oxides (such as Zn and Na) and different kinds of zeolites also showed great CO2 conversion and selective hydrocarbon yield (Figure 7).
[image: Figure 7]FIGURE 7 | CO2 conversion and product selectivity over sole ZnFeOx-4.25Na or composite catalysts containing ZnFeOx-4.25Na and various zeolites (Cui et al., 2019).
Combined with simulation results of density functional theory calculations, the activity of aromatization reaction is greatly affected by the Brønsted acidity of catalysts, which is the key factor of the breaking of C-C bond in n-heptane and subsequent aromatization reactions. Consequently, the HZSM-5 with a great number of acid sites is favorable for the formation of active phases in catalysts (such as Fe3O4 and χ-Fe5C2), which favors the formation of aromatics from CO2 hydrogenation. In addition, the external surface acidity of HZSM-5 also affects the isomerization of aromatic products. For instance, a composite catalyst of SiO2 and HZSM-5 eliminated external Brønsted acid sites via the hydrothermal heating method, enhancing the selectivity for p-xylene from 24% to 70% (Xu et al., 2019).
In addition to the amounts of Brønsted acid sites, the aromatization reaction of hydrocarbons is also influenced by the ratio of SiO2/Al2O3 in ZSM-5. The study investigated by Ramirez and co-workers reported that the selectivity of total aromatics, associated with the acidity of the catalyst, decreased with the increment of Si/Al ratio in the catalyst (Ramirez et al., 2019). Furthermore, the research results indicated that the selectivity for aromatics was increased by using ZSM-5, whereas mordenite (MOR) was unfavorable for the production of ethylene and propylene. By comparison, ZSM-5 with the Mobil Five (MFI) presents a much better ability to convert olefins to aromatics by improving the generation activity of carbenium ions, the key intermediates for aromatization, from olefins. Furthermore, MOR contains more protonation barriers than ZSM-5, resulting in the worse activity in the aromatization of heavy olefin fraction.
As for the CO2 hydrogenation via the MeOH route, the modification of zeolite structures is an important way to increase the molar ratio of olefins to aromatics in products by facilitating the diffusion of reaction intermediates toward zeolites. For instance, the reduction of crystal size is favorable for the promotion of mass transfer in catalysts, leading to the gradual increment of olefin/paraffin (O/P) ratio and olefin selectivity. Thus, some researchers utilized TEA and TEAOH templates pretreated with nitric acid to prepare SAPO-34 zeolites with micropores, mesopores, and macropores, which presented high porosity and greatly improved mass transfer and olefin selectivity (Nishiyama et al., 2009).
As the key factor that affects the catalytic performance of secondary hydrogenation reactions, the amount and concentration of Brønsted acid sites on zeolites are considerable parameters of a CO2 hydrogenation catalyst to control the hydrocarbon distribution in the products (Kanai et al., 1992; Chen et al., 2008). In addition to the nitric acid treatment of SAPO-34 (Song et al., 2017), using zeolite loaded with Zn is another important method to increase olefin selectivity by reducing the acidity of zeolite (Chen et al., 2019b). For instance, the CO2 hydrogenation process using ZSM-5 doped with Zn via ion exchange showed greatly improved aromatics selectivity due to excessive hydrogenation suppressed by the reduced acidity, leading to the generation of long-chain hydrocarbons (Zhang et al., 2019a). Additionally, the increment of SiO2/Al2O3 ratio in ZSM-5 is favorable for the reduction in surface acid density and formation of C5+ hydrocarbons (including aromatics). For example, with the increment of SiO2/Al2O3 ratio, the selectivity of olefins and aromatics was increased in the CO2 hydrogenation process using Co/H-ZSM-5 catalysts promoted by K. In addition to the composite of zeolite, metal oxide in the bifunctional catalyst is another key factor that greatly affects the Brønsted acid sites of catalyst (Kanai et al., 1992; Senger and Radom, 2000; Cheng et al., 2016). For instance, based on the results of DTBPy-FTIR characterizations, Ni et al. reported that ZnAlOx suppressed the Brønsted acid sites on the surface of H-ZSM-5 zeolite after a series of treatments, including mixing, grinding, and high-pressure pressing (Ni et al., 2018). Furthermore, the ZSM-5 with core-shell (H-ZSM-5@S-1), which could decrease the number of acid sites on the surface of H-ZSM-5, showed greatly improved selectivity for benzene, toluene, and xylene (BTX) (Wang et al., 2018c).
As for the deactivation of zeolite catalysts, coke formation on the surface of the catalyst is a typical serious deactivation process (Zhang et al., 2019c). For instance, with a working time of less than 20 h, a lot of coke was generated on the surface of the CuO-ZnO-Al2O3/SAPO-34 catalyst, which blocked pores and covered acid sites of zeolites, resulting in the decrease of activity (Tian et al., 2020). However, accurate kinetics of the coking process on the catalyst with small pores is difficult to establish. In order to prevent relevant effects, a series of methods have been employed to inhibit the formation of coke, including using zeolites with cuboid morphology and reducing the crystal size of zeolites (Dang et al., 2019). For instance, the coke on the surface of SAPO-34 zeolite from the spent bifunctional catalyst is full of precursor species (Sun et al., 2015; Wang et al., 2015), which escaped from the zeolite cages with hierarchical structures and subsequently inhibited the formation of polycyclic aromatics, prolonging the life span of catalysts. In other research studies, zeolite with smaller crystal sizes, which is favorable for diffusing the coke precursor, is used for catalyst preparation to slow the coke rate (Dang et al., 2019).
In order to improve the selectivity and yields of olefin or aromatics, it is imperative to enhance the proximity of various active components, which could be achieved by various methods (Wang et al., 2018c; Ni et al., 2018; Ramirez et al., 2019). For instance, the ZnO/ZrO2 catalyst loaded on H-ZSM-5 using a dual bed presented the lowest conversion of CO2 and selectivity of aromatics, which could be improved by shortening the spatial distance of different active components. By using motor mixing to shorten the distance between two catalytic components in the catalyst system, the CO2 reached the highest conversion of 16% with an aromatics selectivity of 76%, indicating that a shorter distance between active components is favorable for aromatics generation (Zhou et al., 2019b). Additionally, the distance between the two active components could also be shortened via using zeolite with a core shell. Compared with the traditional CuZnZr/Zn/SAPO-34 system prepared via physically mixing, which is favorable for the production of CH4 and detrimental to the generation of low olefins, the novel system with core-shell structure (CuZnZr@Zn-SAPO-34) produced olefins as the main product instead of CH4. With the aid of core-shell-structured zeolite, the proximity between the metal oxide and zeolite was reduced significantly, which is unfavorable for the further hydrogenation of hydrocarbons, resulting in the increase of olefin and aromatics selectivity (Weisz, 1962; Chen et al., 2019b).
Suppressing the RWGS reaction is an efficient method to increase the olefin/aromatics selectivity in the MeOH route due to the large amount of CO generated in the RWGS reaction during the CO2 hydrogenation process (Gao et al., 2017a; Chen et al., 2019b; Ma and Porosoff, 2019). By controlling appropriate reaction conditions, the CO formation during the CO2 hydrogenation process could be suppressed over the In2O3-ZrO2/SAPO-34 catalyst (Tan et al., 2019). For instance, the appropriate reaction temperature of the CO2 hydrogenation process is optimized as 573 K to decrease CO selectivity from more than 80% to only 13%. Additionally, the CO selectivity achieves 5% by increasing the space velocity of the H2/CO2 ratio in the feed gas. By increasing the H2 content from 3/1 to 9/1, the reaction rate of CO2 hydrogenation increases by around 60%, while the selectivity of aromatics in products decreases significantly. Furthermore, the addition of a small amount of CO into the feed gas could further inhibit CO formation, resulting in a CO selectivity of only 2% (Ni et al., 2018).
In consideration of the high cost of H2 production, it is significant to decrease the H2 consumption in the CO2 hydrogenation process. However, few researchers pay attention to the activation of H2, compared to the improvement of ability to adsorb and activate CO2 (Chen et al., 2019c). Chen et al. used carbon-limited MgH2 nanolayer catalysts in the CO2 hydrogenation process to reduce H2 consumption (Chen et al., 2019d). At the beginning of the process, lattice H− was formed in the lattice of MgH2 to prevent the formation of aromatic H, which then combined with C from CO2 molecule to produce formate intermediate, which was then subsequently hydrogenated to form olefins at lower H2/CO2, achieving the decrease of H2 consumption. Compared with a common CO2 hydrogenation reaction system with an H2/CO2 ratio of 3, the MgH2 catalyst system could prepare olefins and aromatics with high selectivity (about 50%) at low H2 partial pressure (H2/CO2 = 1:8). However, the MgH2 catalyst system presents low CO2 conversion (only 10%).
7 CONCLUSION AND FUTURE OPPORTUNITIES
In recent years, CO2 content in the atmosphere is increasing at an unprecedented rate, which has been a global concern due to associated foreseen and colossal damages of global warming, leading to an increasingly loud voice accelerating the reduction of excessive CO2 emission to achieve carbon emission peak and carbon neutrality as soon as possible. Thus, a great variety of research efforts have been carried out on the process of CO2 hydrogenation all over the world to curb this challenge, aiming at utilizing CO2 by efficient conversion into high-valued hydrocarbon products such as olefins, fuels, and aromatics. By developing a novel process of CO2 utilization and providing a novel pathway for sustainable production of high-value chemicals, the ever-growing atmospheric CO2 content and the global warming caused by excessive CO2 emissions could be solved as well.
Amongst various CO2 hydrogenation processes, MeOH and RWGS-FTS routes are the two main methods for converting CO2 into hydrocarbon products. With advantages such as being more economical and environmentally acceptable, considerable research progress has been made on one step to convert CO2 into hydrocarbons, the so-called “direct hydrogenation process”. During the hydrogenation process, conversion of CO2 and selectivity of target hydrocarbon product are influenced by various factors such as the composition and stability of catalysts. However, there are still many challenges in the development of the CO2 hydrogenation process, requiring enormous further efforts from the academic and industrial world. The important points for future consideration for the improvement of the activity and selectivity are shown below.
7.1 Modification of composition and structures of catalysts
Compared with the traditional CO2 hydrogenation process using molecular H2, lattice H− generated by metal hydrides provides a novel method for hydrogenation reactions, showing great potential for further investigations, the main challenge of which lies in the preparation of stable metal hydrides. Amongst different metal hydrides, gold and copper hydrides have shown great potential to be used in the catalytic system for CO2 conversion into olefins and other hydrocarbons due to their great stability, synthetic versatility, and abundant reserves (Jordan et al., 2016). In addition to hydride, metal carbide is another composition that greatly affects the CO2 hydrogenation process. For instance, iron carbide, which is prepared from carbon materials supported by Fe-based catalysts, is an active phase for CO intermediate hydrogenation in the FTS process. Thus, the performance of hydrogenation catalysts could be further improved by exploring novel methods for producing stable and active metal hydrides and carbides.
As one of the currently most used catalyst materials in the CO2 hydrogenation process, exploring efficient methods of tuning the shape selectivity of zeolite to control the distribution of hydrocarbon products is an essential direction for current research. For instance, developing zeolites with specific structures or improving the mass transfer of chemicals in the system has been a hot topic in recent studies. In addition, developing zeolite preparation methods by using novel materials is another hot investigation topic due to the large amounts of reagents consumed in the molecular sieve preparation, including aluminum isopropoxide, silica sol, and other purification chemicals, resulting in the high cost of zeolite. In recent studies, novel synthesis methods of SAPO-34 and ZSM-5 zeolites have already been reported by using different raw materials, including palygorskite, kaolin, diatomaceous earth, and Thai perlite (Tangkawanit et al., 2005; Wajima et al., 2008; Wang et al., 2018d). For instance, CuO-ZnO-Al2O3 mixed oxides loaded on a novel SAPO-34, which presents a larger surface area by adding palygorskite, show a better activity of CO2 hydrogenation compared with conventional synthesis methods (Tian et al., 2020).
In order to obtain selective products, it is important to control the extent of reactions in each stage. In consideration of the effects of Brønsted acid sites on secondary hydrogenation, passivating excess Brønsted acid sites of zeolite under the premise of an active catalyst provides a useful method for improving selectivity and yield for selective products, especially for olefins or aromatics. For instance, a series of modification methods have been employed for zeolite preparation such as the addition of Zn (Zhang et al., 2019a) and the increase of SiO2/Al2O3 ratio in raw materials (Chen et al., 2019b), using alkali metals, alkaline oxides, and nitric-acid pretreatment (Dang et al., 2019). Furthermore, preparing zeolites with reagents such as tetrachloride and ammonium fluorosilicate or under calcination temperatures could adjust the acidity on the surface of zeolite as well.
As a popular catalyst that has been widely used in the CO2 hydrogenation process, the interaction of the two active components in bi-functional catalysts plays an important role in suppressing the formation of CO, which is beneficial to the production of selective hydrocarbons, both via RWGS-FTS and MeOH routes. The main challenge in such bi-functional systems is the high selectivity of CO and CH4 instead of desirable hydrocarbon products. Generally, smaller particles with more uniform mixing had positive effects on CO2 conversion and selectivity for aromatic hydrocarbons, which leads to a closer distance between different components (Zhou et al., 2019b). Recent investigations report that zeolite with a core-shell structure prepared by the carbon sacrificial method had a thinner metal shell, which was beneficial to the dispersion of active sites, leading to the enhancement of the interaction between various active sites (Li et al., 2020). Thus, more attention should be paid to improving the interaction between different components and novel effective mixing methods.
An ineluctable problem faced by the CO2 hydrogenation process lies in the deactivation of catalysts resulting from the formation of coke on the surface of the catalyst. For instance, the extended polyenes are likely to block the zeolite pores, making them much easier to deactivate, which, however, could be avoided by the MFI structure of zeolites, inhibiting the cyclization of polyenes. Additionally, hydroxyl groups formed by water on the surface of zeolites also deactivate the catalysts (Fröhlich et al., 1996; Porosoff et al., 2016). Thus, recent studies have focused on the regulation of intrinsic basicity and hydrophobicity of zeolites, aiming at balancing the hydrophobic and hydrophilic properties. For example, the increment of the SiO2/Al2O3 ratio in zeolites is an efficient method to improve the hydrophobic properties. Hydrothermal treatment is another effective method to improve hydrophobicity via dealumination, as reported by recent research (Lee et al., 2020). In short, developing a preparation method to synthesize catalysts tolerant to water and coke formation is a promising research direction in the future.
7.2 Simulation and calculations
As an efficient method for investigating the mechanisms of complicated reactions, DFT calculations could model the molecular behavior of various reagents during the CO2 hydrogenation process. However, the model of various components was established based on bulk properties and average parameters, which could not reflect the real characteristics of the reaction, requiring the researcher to establish relevant structural models by combining DFT calculation results with characterization experiments (Ma and Porosoff, 2019). In addition to accurate characterization, micro-kinetic simulations and kinetic Monte Carlo (KMC) are also widely used tools to correct the models of DFT calculations, correlating theoretical results with experimental results of catalytic hydrogenation from CO2 to selective hydrocarbons (Kattel et al., 2017). Furthermore, machine learning has attracted great attention from CO2 utilization due to its higher speed and lower cost than traditional computational methods, aiming at understanding and predicting complex reaction mechanisms (Goldsmith et al., 2018; Kitchin, 2018; Gusarov et al., 2020; Smith et al., 2020). To sum up, all the theoretical approaches mentioned earlier show great potential to be applied in the CO2 conversion process to hydrocarbon products.
7.3 Inhibition of deactivation and improvement of stability
As a great challenge for the CO2 hydrogenation process, the catalysts are likely to be deactivated via several ways like sintering, phase transformations (Li et al., 2018), and poisoning by the formation of coke and water (Rytter and Holmen, 2017; Arora et al., 2018a), leading to the reduction of CO2 conversion and desirable product selectivity. Thus, it is imperative to inhibit the deactivation of catalysts, requiring various methods for different forms of deactivation. For instance, it is efficient to prevent sintering and agglomeration by anchoring nanoparticles on Al sites (Gao et al., 2014) and using promoters to stabilize them.
In addition, the coke generated by hydrocarbon products is another unavoidable challenge for the CO2 hydrogenation process, the extent of which could be determined by temperature-programmed oxidation (TPO) and Raman spectroscopy (Chua and Stair, 2003). In order to mitigate the deactivation of catalysts caused by coke, especially for the zeolite-based catalysts with a rapid deactivation rate, various methods could be applied such as reducing the diffusion limitations of catalysts by shortening diffusion paths or extending the life span of zeolites (Yang et al., 2014).
Water formation and carbon deposition are also important factors influencing the stability of catalysts, the deactivation of which is more difficult to prevent. As the main byproduct of the CO2 hydrogenation process, water is generated from the oxygen atoms derived from the dissociation of CO2, causing great damage to the catalytic performance by causing crystallinity loss or modifying acid sites (Barbera et al., 2011; Zhang et al., 2015b), which could be inhibited by varying the acidic properties of zeolites (Deimund et al., 2015; Liang et al., 2016). Like coke deposition, the deactivation of water could also be mitigated by synthesizing nano or hierarchical zeolites (Yang et al., 2014). For example, ZSM-5 zeolite with mesopores could be prepared with the aid of polymeric templates such as polyethylene glycol (PEG) (Tao et al., 2013), which presents greatly improved mass transfer.
In addition, recent studies using improved equipment or well-designed processes to remove excess water have shown a good promotion effect on CO2 hydrogenation (Anicic et al., 2014; Cui and Kær, 2019). For instance, Joo et al. (1999) initially reported a two-step process converting CO2 into methanol (carbon dioxide hydrogenation to form methanol via a reverse water–gas shift reaction, CAMERE process), in which the RWGS reaction was added to consume water byproduct, achieving an increase in the yield of methanol. In consideration of the high operating temperature required by the endothermic RWGS reaction, the in situ water removal (ISWR) is utilized to shift the thermodynamic equilibrium, lowering the operating temperature and enabling the CAMERE process to work at moderate temperatures (Zachopoulos and Heracleous, 2017), which could be achieved by using membrane reactors or developing a novel reaction process to enhance water sorption.
The membrane reactors with ISWR have been used for various processes (Gallucci et al., 2004; Gallucci and Basile, 2007; Iliuta et al., 2010; Diban et al., 2013; Atsonios et al., 2016; Zhou et al., 2016; De Falco et al., 2017; Catarina Faria et al., 2018; Gorbe et al., 2018) including the CO2 hydrogenation process, showing great potential for the improvement of CO2 utilization. With the aid of a zeolite A membrane, Gorbe et al. (2018) studied the hydrogenation process from CO2 to methanol. Under the operation conditions of 100–270 kPa and 160–260°C, the membrane reactor presented a brilliant ability to separate water byproducts from complex gas mixtures, showing the potential of a membrane reactor used in a moderate temperature RWGS process. The other utilization method of ISWR is the sorption-enhanced reaction process (SERP), in which sorbent is used to remove byproduct water (Iliuta et al., 2011; Dehghani et al., 2014; Arora et al., 2018b). For instance, the conversion of CO2 to CO increased from less than 10% to a maximum of 36% at a low reaction temperature by using a bench-scale SERP (Carvill et al., 1996). Under a reaction temperature of 225–250°C and a pressure of 5–10 bar, the CO2-to-CO conversion achieved a three-time increment after the application of SERP (Jung et al., 2013).
It should be noted that the utilization of membrane reactors and SERP in the CO2 hydrogenation process is still at the research stage, which is mainly limited by cost issues. Up to now, relevant studies still lack cost evaluations for membrane reactors. Additionally, the membrane reactor is more complex than a traditional reactor, resulting in a higher equipment cost (Atsonios et al., 2016). To sum up, the deactivation of the CO2 hydrogenation process could be mitigated by using the strategies shown earlier.
7.4 Optimization of operating conditions
As an important factor in the CO2 conversion process, reaction conditions could affect the activity of CO2 hydrogenation and the selectivity for various hydrocarbon products by controlling the reaction extent. For instance, a higher reaction temperature is favorable for CO2 hydrogenation and an increase of CH4 selectivity, requiring to find an optimal temperature to balance CO2 conversion and the yields of selective hydrocarbons, except for methane. Additionally, CO2 conversion increases with the increment of reaction pressure, which is favorable for the production of hydrocarbons. However, secondary hydrogenation occurs at high pressure, especially under the high partial pressure of H2, leading to a decrease in the olefin/paraffin ratio, which is unfavorable for the production of olefins. Thus, choosing an appropriate reaction pressure is crucial for the hydrogenation process, combining the improvement of conversion and selectivity and reduction of capital costs. Meanwhile, process development requires mild conditions to lower the energy cost of reaction, which needs researchers to develop CO2 hydrogenation catalysts with great activity under moderate or ambient pressures, which can be achieved by adding alkali promoters (such as Na and K) (Zhang et al., 2015a; Gao et al., 2017a) and specific oxide supports (Torrente-Murciano et al., 2016; da Silva and Mota, 2019) and using molecular sieves that allow low-pressure reactions. In conclusion, more studies are needed to optimize the operation conditions to improve the yield toward desirable products.
AUTHOR CONTRIBUTIONS
LC: conceptualization, research retrieval, and writing—original draft. CL: conceptualization and research retrieval. BY: conceptualization and writing—review and editing. PE: conceptualization, writing—review and editing, and supervision. TX: conceptualization, writing—review and editing, and supervision. FC: conceptualization, writing—review and editing, and supervision.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Akhmedov, V. M., and Al-Khowaiter, S. H. (2007). Recent advances and future recent advances and future aspects in the selective isomerization of high n-alkanes. Catal. Rev. 49, 33–139. doi:10.1080/01614940601128427
 Albrecht, M., Rodemerck, U., Schneider, M., Bröring, M., Baabe, D., and Kondratenko, E. V. (2017). Unexpectedly efficient CO2 hydrogenation to higher hydrocarbons over non-doped Fe2O3. Appl. Catal. B Environ. 204, 119–126. doi:10.1016/j.apcatb.2016.11.017
 Amoyal, M., Vidruk-Nehemya, R., Landau, M. V., and Herskowitz, M. (2017). Effect of potassium on the active phases of Fe catalysts for carbon dioxide conversion to liquid fuels through hydrogenation. J. Catal. 348, 29–39. doi:10.1016/j.jcat.2017.01.020
 Andrew, R. M. (2018). Global CO2 emissions from cement production. Earth Syst. Sci. Data 10, 195–217. doi:10.5194/essd-10-195-2018
 Anicic, B., Trop, P., and Goricanec, D. (2014). Comparison between two methods of methanol production from carbon dioxide. Energy 77, 279–289. doi:10.1016/j.energy.2014.09.069
 Arora, A., Iyer, S. S., Bajaj, I., and Hasan, M. M. F. (2018). Optimal methanol production via sorption-enhanced reaction process. Ind. Eng. Chem. Res. 57, 14143–14161. doi:10.1021/acs.iecr.8b02543
 Arora, S. S., Nieskens, D. L. S., Malek, A., and Bhan, A. (2018). Lifetime improvement in methanol-to-olefins catalysis over chabazite materials by high-pressure H2 co-feeds. Nat. Catal. 1, 666–672. doi:10.1038/s41929-018-0125-2
 Arslan, M. T., Qureshi, B. A., Gilani, S. Z. A., Cai, D., Ma, Y., Usman, M., et al. (2019). Single-step conversion of H2-deficient syngas into high yield of tetramethylbenzene. ACS Catal. 9, 2203–2212. doi:10.1021/acscatal.8b04548
 Asahi, R., Morikawa, T., Ohwaki, T., Aoki, K., and Taga, Y. (2001). Visible-light photocatalysis in nitrogen-doped titanium oxides. Science 293, 269–271. doi:10.1126/science.1061051
 Atsonios, K., Panopoulos, K. D., and Kakaras, E. (2016). Thermocatalytic CO2 hydrogenation for methanol and ethanol production: Process improvements. Int. J. Hydrogen Energy 41, 792–806. doi:10.1016/j.ijhydene.2015.12.001
 Azofra, L. M., MacFarlane, D. R., and Sun, C. (2016). An intensified pi-hole in beryllium-doped boron nitride meshes: Its determinant role in CO2 conversion into hydrocarbon fuels. Chem. Commun. 52, 3548–3551. doi:10.1039/c5cc07942j
 Barbera, K., Bonino, F., Bordiga, S., Janssens, T. V. W., and Beato, P. (2011). Structure–deactivation relationship for ZSM-5 catalysts governed by framework defects. Journal of Catalysis. J. Catal. 280, 196–205. doi:10.1016/j.jcat.2011.03.016
 Bong, C. P. C., Lim, L. Y., Ho, W. S., Lim, J. S., Klemeš, J. J., Towprayoon, S., et al. (2017). A review on the global warming potential of cleaner composting and mitigation strategies. J. Clean. Prod. 146, 149–157. doi:10.1016/j.jclepro.2016.07.066
 Boreriboon, N., Jiang, X., Song, C., and Prasassarakich, P. (2018). Fe-based bimetallic catalysts supported on TiO2 for selective CO2 hydrogenation to hydrocarbons. J. CO2 Util. 25, 330–337. doi:10.1016/j.jcou.2018.02.014
 Boreriboon, N., Jiang, X., Song, C., and Prasassarakich, P. (2018). Higher hydrocarbons synthesis from CO2 hydrogenation over K- and La-promoted Fe–Cu/TiO2 catalysts. Top. Catal. 61, 1551–1562. doi:10.1007/s11244-018-1023-1
 Carvill, B. T., Hufton, J. R., Anand, M., and Sircar, S. (1996). Sorption-enhanced reaction process. AIChE J. 42, 2765–2772. doi:10.1002/aic.690421008
 Catarina Faria, A., Miguel, C. V., and Madeira, L. M. (2018). Thermodynamic analysis of the CO2 methanation reaction with in situ water removal for biogas upgrading. J. CO2 Util. 26, 271–280. doi:10.1016/j.jcou.2018.05.005
 Centi, G., Quadrelli, E. A., and Perathoner, S. (2013). Catalysis for CO2 conversion: A key technology for rapid introduction of renewable energy in the value chain of chemical industries. Energy Environ. Sci. 6, 1711. doi:10.1039/c3ee00056g
 Chen, D., Moljord, K., Fuglerud, T., and Holmen, A. (1999). The effect of crystal size of SAPO-34 on the selectivity and deactivation of the MTO reaction. Microporous Mesoporous Mater. 29, 191–203. doi:10.1016/s1387-1811(98)00331-x
 Chen, H., Liu, J., Liu, P., Wang, Y., Xiao, H., Yang, Q., et al. (2019). Carbon-confined magnesium hydride nano-lamellae for catalytic hydrogenation of carbon dioxide to lower olefins. J. Catal. 379, 121–128. doi:10.1016/j.jcat.2019.09.022
 Chen, H., Liu, P., Li, J., Wang, Y., She, C., Liu, J., et al. (2019). MgH2/CuxO hydrogen storage composite with defect-rich surfaces for carbon dioxide hydrogenation. ACS Appl. Mat. Interfaces 11, 31009–31017. doi:10.1021/acsami.9b11285
 Chen, J., Wang, X., Wu, D., Zhang, J., Ma, Q., Gao, X., et al. (2019). Hydrogenation of CO2 to light olefins on CuZnZr@(Zn-)SAPO-34 catalysts: Strategy for product distribution. Fuel 239, 44–52. doi:10.1016/j.fuel.2018.10.148
 Chen, T.-y., Cao, C., Chen, T.-b., Ding, X., Huang, H., Shen, L., et al. (2019). Unraveling highly tunable selectivity in CO2 hydrogenation over bimetallic in-Zr oxide catalysts. ACS Catal. 9, 8785–8797. doi:10.1021/acscatal.9b01869
 Chen, X. Y., Ma, C., Zhang, Z. J., and Wang, B. N. (2008). Ultrafine gahnite (ZnAl2O4) nanocrystals: Hydrothermal synthesis and photoluminescent properties. Mater. Sci. Eng. B 151, 224–230. doi:10.1016/j.mseb.2008.09.023
 Cheng, K., Gu, B., Liu, X., Kang, J., Zhang, Q., and Wang, Y. (2016). Direct and highly selective direct and highly selective conversion of synthesis gas into lower olefins: Design of a bifunctional catalyst combining methanol synthesis and carbon-carbon coupling. Angew. Chem. Int. Ed. 55, 4725–4728. doi:10.1002/anie.201601208
 Cheng, K., van der Wal, L. I., Yoshida, H., Oenema, J., Harmel, J., Zhang, Z., et al. (2020). Impact of the spatial organization of bifunctional metal–zeolite catalysts on the hydroisomerization of light alkanes. Angew. Chem. Int. Ed. Engl. 59, 3620–3628. doi:10.1002/ange.201915080
 Cheng, K., Zhou, W., Kang, J., He, S., Shi, S., Zhang, Q., et al. (2017). Bifunctional catalysts for one-step conversion of syngas into aromatics with excellent selectivity and stability. Chem 3, 334–347. doi:10.1016/j.chempr.2017.05.007
 Choi, Y. H., Jang, Y. J., Park, H., Kim, W. Y., Lee, Y. H., Choi, S. H., et al. (2017). Carbon dioxide fischer-tropsch synthesis: A new path to carbon-neutral fuels. Appl. Catal. B Environ. 202, 605–610. doi:10.1016/j.apcatb.2016.09.072
 Choi, Y. H., Ra, E. C., Kim, E. H., Kim, K. Y., Jang, Y. J., Kang, K.-N., et al. (2017). Sodium-containing spinel zinc ferrite as a catalyst precursor for the selective synthesis of liquid hydrocarbon fuels. ChemSusChem 10, 4764–4770. doi:10.1002/cssc.201701437
 Chua, Y. T., and Stair, P. C. (2003). An ultraviolet Raman spectroscopic study of coke formation in methanol to hydrocarbons conversion over zeolite H-MFI. J. Catal. 213, 39–46. doi:10.1016/s0021-9517(02)00026-x
 Cui, X., Gao, P., Li, S., Yang, C., Liu, Z., Wang, H., et al. (2019). Selective production of aromatics directly from carbon dioxide hydrogenation. ACS Catal. 9, 3866–3876. doi:10.1021/acscatal.9b00640
 Cui, X., and Kær, S. K. (2019). Thermodynamic analyses of a moderate-temperature process of carbon dioxide hydrogenation to methanol via reverse water-gas shift with in situ water removal. Ind. Eng. Chem. Res. 58, 10559–10569. doi:10.1021/acs.iecr.9b01312
 da Silva, I. A., and Mota, C. J. A. (2019). Conversion of CO2 to light olefins over iron-based catalysts supported on niobium oxide. Front. Energy Res. 7. doi:10.3389/fenrg.2019.00049
 Dang, S., Gao, P., Liu, Z., Chen, X., Yang, C., Wang, H., et al. (2018). Role of zirconium in direct CO2 hydrogenation to lower olefins on oxide/zeolite bifunctional catalysts. J. Catal. 364, 382–393. doi:10.1016/j.jcat.2018.06.010
 Dang, S., Li, S., Yang, C., Chen, X., Li, X., Zhong, L., et al. (2019). Selective transformation of CO2 and H2 into lower olefins over In2O3-ZnZrOx/SAPO-34 bifunctional catalysts. ChemSusChem 12, 3582–3591. doi:10.1002/cssc.201900958
 De Falco, M., Capocelli, M., and Giannattasio, A. (2017). Membrane Reactor for one-step DME synthesis process: Industrial plant simulation and optimization. J. CO2 Util. 22, 33–43. doi:10.1016/j.jcou.2017.09.008
 de Smit, E., Beale, A. M., Nikitenko, S., and Weckhuysen, B. M. (2009). Local and long range order in promoted iron-based fischer–tropsch catalysts: A combined in situ X-ray absorption spectroscopy/wide angle X-ray scattering study. J. Catal. 262, 244–256. doi:10.1016/j.jcat.2008.12.021
 Dehghani, Z., Bayat, M., and Rahimpour, M. R. (2014). Sorption-enhanced methanol synthesis: Dynamic modeling and optimization. J. Taiwan Inst. Chem. Eng. 45, 1490–1500. doi:10.1016/j.jtice.2013.12.001
 Deimund, M. A., Harrison, L., Lunn, J. D., Liu, Y., Malek, A., Shayib, R., et al. (2015). Effect of heteroatom concentration in SSZ-13 on the methanol-to-olefins reaction. ACS Catal. 6, 542–550. doi:10.1021/acscatal.5b01450
 Diban, N., Urtiaga, A. M., Ortiz, I., Ereña, J., Bilbao, J., and Aguayo, A. T. (2013). Influence of the membrane properties on the catalytic production of dimethyl ether with in situ water removal for the successful capture of CO2. Chem. Eng. J. 234, 140–148. doi:10.1016/j.cej.2013.08.062
 Dokania, A., Ramirez, A., Bavykina, A., and Gascon, J. (2019). Heterogeneous catalysis for the valorization of CO2: Role of bifunctional processes in the production of chemicals. ACS Energy Lett. 4, 167–176. doi:10.1021/acsenergylett.8b01910
 Dorner, R. W., Hardy, D. R., Williams, F. W., and Willauer, H. D. (2010). Heterogeneous catalytic CO2 conversion to value-added hydrocarbons. Energy Environ. Sci. 3, 884. doi:10.1039/c001514h
 Fan, J., Liu, E.-z., Tian, L., Hu, X.-y., He, Q., and Sun, T. (2011). Synergistic effect of N and Ni2+ on nanotitania in photocatalytic reduction of CO2. J. Environ. Eng. New. York. 137, 171–176. doi:10.1061/(asce)ee.1943-7870.0000311
 Fröhlich, G., Kestel, U., Łojewska, J., Łojewski, T., Meyer, G., Voß, M., et al. (1996). Activation and deactivation of cobalt catalysts in the hydrogenation of carbon dioxide. Appl. Catal. A General 134, 1–19. doi:10.1016/0926-860x(95)00207-3
 Fu, J., Yu, J., Jiang, C., and Cheng, B. (2018). g-C3N4-Based heterostructured photocatalysts. Adv. Energy Mat. 8, 1701503. doi:10.1002/aenm.201701503
 Fujiwara, M., Ando, H., Tanaka, M., and Souma, Y. (1995). Hydrogenation of carbon dioxide over Cu_Zn-chromate/zeolite composite catalyst: The effects of reaction behavior of alkenes on hydrocarbon synthesis. Appl. Catal. A General 130, 105–116. doi:10.1016/0926-860x(95)00108-5
 Gallucci, F., and Basile, A. (2007). A theoretical analysis of methanol synthesis from CO2 and H2 in a ceramic membrane reactor. Int. J. Hydrogen Energy 32, 5050–5058. doi:10.1016/j.ijhydene.2007.07.067
 Gallucci, F., Paturzo, L., and Basile, A. (2004). An experimental study of CO2 hydrogenation into methanol involving a zeolite membrane reactor. Chem. Eng. Process. Process Intensif. 43, 1029–1036. doi:10.1016/j.cep.2003.10.005
 Gambo, Y., Adamu, S., Lucky, R. A., Ba-Shammakh, M. S., and Hossain, M. M. (2022). Tandem catalysis: A sustainable alternative for direct hydrogenation of CO2 to light olefins. Appl. Catal. A General 641, 118658. doi:10.1016/j.apcata.2022.118658
 Gao, J., Zheng, Y., Fitzgerald, G. B., de Joannis, J., Tang, Y., Wachs, I. E., et al. (2014). Structure of Mo2Cx and Mo4Cx molybdenum carbide nanoparticles and their anchoring sites on ZSM-5 zeolites. J. Phys. Chem. C 118, 4670–4679. doi:10.1021/jp4106053
 Gao, P., Dang, S., Li, S., Bu, X., Liu, Z., Qiu, M., et al. (2017). Direct production of lower olefins from CO2 conversion via bifunctional catalysis. ACS Catal. 8, 571–578. doi:10.1021/acscatal.7b02649
 Gao, P., Li, S., Bu, X., Dang, S., Liu, Z., Wang, H., et al. (2017). Direct conversion of CO2 into liquid fuels with high selectivity over a bifunctional catalyst. Nat. Chem. 9, 1019–1024. doi:10.1038/nchem.2794
 Gao, P., Zhang, L., Li, S., Zhou, Z., and Sun, Y. (2020). Novel heterogeneous catalysts for CO2 hydrogenation to liquid fuels. ACS Cent. Sci. 6, 1657–1670. doi:10.1021/acscentsci.0c00976
 Gao, Y., Qian, K., Xu, B., Li, Z., Zheng, J., Zhao, S., et al. (2020). Recent advances in visible-light-driven conversion of CO2 by photocatalysts into fuels or value-added chemicals. Carbon Resour. Convers. 3, 46–59. doi:10.1016/j.crcon.2020.02.003
 Goldsmith, B. R., Esterhuizen, J., Liu, J. X., Bartel, C. J., and Sutton, C. (2018). Machine learning for heterogeneous catalyst design and discovery. AIChE J. 64, 2311–2323. doi:10.1002/aic.16198
 Gorbe, J., Lasobras, J., Francés, E., Herguido, J., Menéndez, M., Kumakiri, I., et al. (2018). Preliminary study on the feasibility of using a zeolite A membrane in a membrane reactor for methanol production. Sep. Purif. Technol. 200, 164–168. doi:10.1016/j.seppur.2018.02.036
 Graf, P. O., de Vlieger, D. J. M., Mojet, B. L., and Lefferts, L. (2009). New insights in reactivity of hydroxyl groups in water gas shift reaction on Pt/ZrO2. J. Catal. 262, 181–187. doi:10.1016/j.jcat.2008.12.015
 Guo, L., Cui, Y., Li, H., Fang, Y., Prasert, R., Wu, J., et al. (2019). Selective formation of linear-alpha olefins (Laos) by CO2 hydrogenation over bimetallic Fe/Co-Y catalyst. Catal. Commun. 130, 105759. doi:10.1016/j.catcom.2019.105759
 Gusarov, S., Stoyanov, S. R., and Siahrostami, S. (2020). Development of fukui function based descriptors for a machine learning study of CO2 reduction. J. Phys. Chem. C 124, 10079–10084. doi:10.1021/acs.jpcc.0c03101
 Helal, A., Cordova, K. E., Arafat, M. E., Usman, M., and Yamani, Z. H. (2020). Defect-engineering a metal–organic framework for CO2 fixation in the synthesis of bioactive oxazolidinones. Inorg. Chem. Front. 7, 3571–3577. doi:10.1039/d0qi00496k
 Herranz, T., Rojas, S., Perezalonso, F., Ojeda, M., Terreros, P., and Fierro, J. (2006). Genesis of iron carbides and their role in the synthesis of hydrocarbons from synthesis gas. J. Catal. 243, 199–211. doi:10.1016/j.jcat.2006.07.012
 Hu, S., Liu, M., Ding, F., Song, C., Zhang, G., and Guo, X. (2016). Hydrothermally stable MOFs for CO2 hydrogenation over iron-based catalyst to light olefins. J. CO2 Util. 15, 89–95. doi:10.1016/j.jcou.2016.02.009
 Hung, W. H., Lai, S. N., and Lo, A. Y. (2015). Synthesis of strong light scattering absorber of TiO(2)-CMK-3/Ag for photocatalytic water splitting under visible light irradiation. ACS Appl. Mat. Interfaces 7, 8412–8418. doi:10.1021/am508684e
 Iliuta, I., Iliuta, M. C., and Larachi, F. (2011). Sorption-enhanced dimethyl ether synthesis-Multiscale reactor modeling. Chem. Eng. Sci. 66, 2241–2251. doi:10.1016/j.ces.2011.02.047
 Iliuta, I., Larachi, F., and Fongarland, P. (2010). Dimethyl ether synthesis with in situ H2O removal in fixed-bed membrane reactor: Model and simulations. Ind. Eng. Chem. Res. 49, 6870–6877. doi:10.1021/ie901726u
 Jiang, J., Wen, C., Tian, Z., Wang, Y., Zhai, Y., Chen, L., et al. (2020). Manganese-promoted Fe3O4 microsphere for efficient conversion of CO2 to light olefins. Ind. Eng. Chem. Res. 59, 2155–2162. doi:10.1021/acs.iecr.9b05342
 Jiang, X., Nie, X., Guo, X., Song, C., and Chen, J. G. (2020). Recent advances in carbon dioxide hydrogenation to methanol via heterogeneous catalysis. Chem. Rev. 120, 7984–8034. doi:10.1021/acs.chemrev.9b00723
 Joo, O.-S., Jung, K.-D., Moon, I., Rozovskii, A. Y., Lin, G. I., Han, S.-H., et al. (1999). Carbon dioxide hydrogenation to form methanol via a reverse-water-gas-shift reaction (the CAMERE process). Ind. Eng. Chem. Res. 38, 1808–1812. doi:10.1021/ie9806848
 Jordan, A. J., Lalic, G., and Sadighi, J. P. (2016). Coinage metal hydrides: Synthesis, characterization, and reactivity. Chem. Rev. 116, 8318–8372. doi:10.1021/acs.chemrev.6b00366
 Jun, H., Choi, S., Yang, M. Y., and Nam, Y. S. (2019). A ruthenium-based plasmonic hybrid photocatalyst for aqueous carbon dioxide conversion with a high reaction rate and selectivity. J. Mat. Chem. A Mat. 7, 17254–17260. doi:10.1039/c9ta05880j
 Jung, S., Reining, S., Schindler, S., and Agar, D. W. (2013). Anwendung von adsorptiven Reaktoren für die reverse Wassergas-Shift-Reaktion. Chem. Ing. Tech. 85, 484–488. doi:10.1002/cite.201200213
 Kallio, P., Pásztor, A., Akhtar, M. K., and Jones, P. R. (2014). Renewable jet fuel. Curr. Opin. Biotechnol. 26, 50–55. doi:10.1016/j.copbio.2013.09.006
 Kanai, J., Martens, J. A., and Jacobs, P. A. (1992). On the nature of the active sites for ethylene hydrogenation in metal-free zeolites. J. Catal. 133, 527–543. doi:10.1016/0021-9517(92)90259-k
 Kandaramath Hari, T., Yaakob, Z., and Binitha, N. N. (2015). Aviation biofuel from renewable resources: Routes, opportunities and challenges. Renew. Sustain. Energy Rev. 42, 1234–1244. doi:10.1016/j.rser.2014.10.095
 Kangvansura, P., Chew, L. M., Kongmark, C., Santawaja, P., Ruland, H., Xia, W., et al. (2017). Effects of potassium and manganese promoters on nitrogen-doped carbon nanotube-supported iron catalysts for CO2 hydrogenation. Engineering. Engineering 3, 385–392. doi:10.1016/j.eng.2017.03.013
 Kattel, S., Liu, P., and Chen, J. G. (2017). Tuning selectivity of CO2 hydrogenation reactions at the metal/oxide interface. J. Am. Chem. Soc. 139, 9739–9754. doi:10.1021/jacs.7b05362
 Kattel, S., Yan, B., Yang, Y., Chen, J. G., and Liu, P. (2016). Optimizing binding energies of key intermediates for CO2 hydrogenation to methanol over oxide-supported copper. J. Am. Chem. Soc. 138, 12440–12450. doi:10.1021/jacs.6b05791
 Khan, M., Agrawal, A., Saimbi, C., Chandra, D., and Kumar, V. (2017). Diode laser: A novel approach for the treatment of pericoronitis. J. Dent. Lasers 11, 19–21. doi:10.4103/2321-1385.208941
 Kim, Y., Kwon, S., Song, Y., and Na, K. (2020). Catalytic CO2 hydrogenation using mesoporous bimetallic spinel oxides as active heterogeneous base catalysts with long lifetime. J. CO2 Util. 36, 145–152. doi:10.1016/j.jcou.2019.11.005
 Kitchin, J. R. (2018). Machine learning in catalysis. Nat. Catal. 1, 230–232. doi:10.1038/s41929-018-0056-y
 Lee, J., Kim, J., Kim, Y., Hwang, S., Lee, H., Kim, C. H., et al. (2020). Improving NOx storage and CO oxidation abilities of Pd/SSZ-13 by increasing its hydrophobicity. Appl. Catal. B Environ. 277, 119190. doi:10.1016/j.apcatb.2020.119190
 Lesthaeghe, D., De Sterck, B., Van Speybroeck, V., Marin, G. B., and Waroquier, M. (2007). Zeolite shape-selectivity in the gem-methylation of aromatic hydrocarbons. Angew. Chem. Int. Ed. 46, 1311–1314. doi:10.1002/anie.200604309
 Leung, D. Y. C., Caramanna, G., and Maroto-Valer, M. M. (2014). An overview of current status of carbon dioxide capture and storage technologies. Renew. Sustain. Energy Rev. 39, 426–443. doi:10.1016/j.rser.2014.07.093
 Li, D., Haneda, H., Hishita, S., and Ohashi, N. (2005). Visible-light-Driven N-F-codoped TiO2 photocatalysts. 2. Optical characterization, photocatalysis, and potential application to air purification. Chem. Mat. 17, 2596–2602. doi:10.1021/cm049099p
 Li, J., Jin, H., Yuan, Y., Lu, H., Su, C., Fan, D., et al. (2019). Encapsulating phosphorus inside carbon nanotubes via a solution approach for advanced lithium ion host. Nano Energy 58, 23–29. doi:10.1016/j.nanoen.2019.01.015
 Li, K., An, X., Park, K. H., Khraisheh, M., and Tang, J. (2014). A critical review of CO2 photoconversion: Catalysts and reactors. Catal. Today 224, 3–12. doi:10.1016/j.cattod.2013.12.006
 Li, L., Zhang, C., Yan, J., Wang, D., Peng, Y., Li, J., et al. (2020). Distinctive bimetallic oxides for enhanced catalytic toluene combustion: Insights into the tunable fabrication of Mn-Ce hollow structure. ChemCatChem 12, 2872–2879. doi:10.1002/cctc.202000038
 Li, W., Zhang, A., Jiang, X., Janik, M. J., Qiu, J., Liu, Z., et al. (2018). The anti-sintering catalysts: Fe-Co-Zr polymetallic fibers for CO2 hydrogenation to C2= -C4= -rich hydrocarbons. J. CO2 Util. 23, 219–225. doi:10.1016/j.jcou.2017.07.005
 Li, X., Zhuang, Z., Li, W., and Pan, H. (2012). Photocatalytic reduction of CO2 over noble metal-loaded and nitrogen-doped mesoporous TiO2. Appl. Catal. A General 429-430, 31–38. doi:10.1016/j.apcata.2012.04.001
 Li, Z., Qu, Y., Wang, J., Liu, H., Li, M., Miao, S., et al. (2019). Highly selective conversion of carbon dioxide to aromatics over tandem catalysts. Joule 3, 570–583. doi:10.1016/j.joule.2018.10.027
 Li, Z., Wang, J., Qu, Y., Liu, H., Tang, C., Miao, S., et al. (2017). Highly selective conversion of carbon dioxide to lower olefins. ACS Catal. 7, 8544–8548. doi:10.1021/acscatal.7b03251
 Liang, B., Sun, T., Ma, J., Duan, H., Li, L., Yang, X., et al. (2019). Mn decorated Na/Fe catalysts for CO2 hydrogenation to light olefins. Catal. Sci. Technol. 9, 456–464. doi:10.1039/c8cy02275e
 Liang, J., Li, H., Zhao, S., Guo, W., Wang, R., and Ying, M. (1990). Characteristics and performance of SAPO-34 catalyst for methanol-to-olefin conversion. Appl. Catal. 64, 31–40. doi:10.1016/s0166-9834(00)81551-1
 Liang, T., Chen, J., Qin, Z., Li, J., Wang, P., Wang, S., et al. (2016). Conversion of methanol to olefins over H-ZSM-5 zeolite: Reaction pathway is related to the framework aluminum siting. ACS Catal. 6, 7311–7325. doi:10.1021/acscatal.6b01771
 Liao, X.-Y., Cao, D.-B., Wang, S.-G., Ma, Z.-Y., Li, Y.-W., Wang, J., et al. (2007). Density functional theory study of CO adsorption on the (100), (001) and (010) surfaces of Fe3C. J. Mol. Catal. A Chem. 269, 169–178. doi:10.1016/j.molcata.2007.01.015
 Lim, D. H., Jo, J. H., Shin, D. Y., Wilcox, J., Ham, H. C., and Nam, S. W. (2014). Carbon dioxide conversion into hydrocarbon fuels on defective graphene-supported Cu nanoparticles from first principles. Nanoscale 6, 5087–5092. doi:10.1039/c3nr06539a
 Liu, E., Hu, Y., Li, H., Tang, C., Hu, X., Fan, J., et al. (2015). Photoconversion of CO2 to methanol over plasmonic Ag/TiO2 nano-wire films enhanced by overlapped visible-light-harvesting nanostructures. Ceram. Int. 41, 1049–1057. doi:10.1016/j.ceramint.2014.09.027
 Liu, E., Kang, L., Yang, Y., Sun, T., Hu, X., Zhu, C., et al. (2014). Plasmonic Ag deposited TiO2 nano-sheet film for enhanced photocatalytic hydrogen production by water splitting. Nanotechnology 25, 165401. doi:10.1088/0957-4484/25/16/165401
 Liu, E., Qi, L., Bian, J., Chen, Y., Hu, X., Fan, J., et al. (2015). A facile strategy to fabricate plasmonic Cu modified TiO2 nano-flower films for photocatalytic reduction of CO2 to methanol. Mater. Res. Bull. 68, 203–209. doi:10.1016/j.materresbull.2015.03.064
 Liu, G., Hoivik, N., Wang, K., and Jakobsen, H. (2012). Engineering TiO2 nanomaterials for CO2 conversion/solar fuels. Sol. Energy Mater. Sol. Cells 105, 53–68. doi:10.1016/j.solmat.2012.05.037
 Liu, J., Zhang, A., Jiang, X., Liu, M., Sun, Y., Song, C., et al. (2018). Selective CO2 hydrogenation to hydrocarbons on Cu-promoted Fe-based catalysts: Dependence on Cu–Fe interaction. ACS Sustain. Chem. Eng. 6, 10182–10190. doi:10.1021/acssuschemeng.8b01491
 Liu, J., Zhang, A., Jiang, X., Zhang, G., Sun, Y., Liu, M., et al. (2019). Overcoating the surface of Fe-based catalyst with ZnO and nitrogen-doped carbon toward high selectivity of light olefins in CO2 hydrogenation. Ind. Eng. Chem. Res. 58, 4017–4023. doi:10.1021/acs.iecr.8b05478
 Liu, J., Zhang, A., Liu, M., Hu, S., Ding, F., Song, C., et al. (2017). Fe-MOF-derived highly active catalysts for carbon dioxide hydrogenation to valuable hydrocarbons. J. CO2 Util. 21, 100–107. doi:10.1016/j.jcou.2017.06.011
 Liu, R., Leshchev, D., Stavitski, E., Juneau, M., Agwara, J. N., and Porosoff, M. D. (2021). Selective hydrogenation of CO2 and CO over potassium promoted Co/ZSM-5. Appl. Catal. B Environ. 284, 119787. doi:10.1016/j.apcatb.2020.119787
 Liu, S., Gujar, A. C., Thomas, P., Toghiani, H., and White, M. G. (2009). Synthesis of gasoline-range hydrocarbons over Mo/HZSM-5 catalysts. Appl. Catal. A General 357, 18–25. doi:10.1016/j.apcata.2008.12.033
 Liu, X., Wang, M., Zhou, C., Zhou, W., Cheng, K., Kang, J., et al. (2018). Selective transformation of carbon dioxide into lower olefins with a bifunctional catalyst composed of ZnGa2O4 and SAPO-34. Chem. Commun. 54, 140–143. doi:10.1039/c7cc08642c
 Low, J., Cheng, B., and Yu, J. (2017). Surface modification and enhanced photocatalytic CO2 reduction performance of TiO2: A review. Appl. Surf. Sci. 392, 658–686. doi:10.1016/j.apsusc.2016.09.093
 Lu, Q., Rosen, J., Zhou, Y., Hutchings, G. S., Kimmel, Y. C., Chen, J. G., et al. (2014). A selective and efficient electrocatalyst for carbon dioxide reduction. Nat. Commun. 5, 3242. doi:10.1038/ncomms4242
 Ma, Y., Cai, D., Li, Y., Wang, N., Muhammad, U., Carlsson, A., et al. (2016). The influence of straight pore blockage on the selectivity of methanol to aromatics in nanosized Zn/ZSM-5: An atomic Cs-corrected STEM analysis study. RSC Adv. 6, 74797–74801. doi:10.1039/c6ra19073a
 Ma, Z., and Porosoff, M. D. (2019). Development of tandem catalysts for CO2 hydrogenation to olefins. ACS Catal. 9, 2639–2656. doi:10.1021/acscatal.8b05060
 Marcì, G., García-López, E. I., and Palmisano, L. (2014). Photocatalytic CO2 reduction in gas–solid regime in the presence of H2O by using GaP/TiO2 composite as photocatalyst under simulated solar light. Catal. Commun. 53, 38–41. doi:10.1016/j.catcom.2014.04.024
 Marlin, D. S., Sarron, E., and Sigurbjornsson, O. (2018). Process advantages of direct CO2 to methanol synthesis. Front. Chem. 6, 446. doi:10.3389/fchem.2018.00446
 Miao, D., Ding, Y., Yu, T., Li, J., Pan, X., and Bao, X. (2020). Selective synthesis of benzene, toluene, and xylenes from syngas. ACS Catal. 10, 7389–7397. doi:10.1021/acscatal.9b05200
 Moomaw, W. R., Chmura, G. L., Davies, G. T., Finlayson, C. M., Middleton, B. A., Natali, S. M., et al. (2018). Wetlands in a changing climate: Science, policy and management. Wetlands 38, 183–205. doi:10.1007/s13157-018-1023-8
 Mori, K., Yamashita, H., and Anpo, M. (2012). Photocatalytic reduction of CO2 with H2O on various titanium oxide photocatalysts. RSC Adv. 2, 3165. doi:10.1039/c2ra01332k
 Nellaiappan, S., Katiyar, N. K., Kumar, R., Parui, A., Malviya, K. D., Pradeep, K. G., et al. (2020). High-entropy alloys as catalysts for the CO2 and CO reduction reactions: Experimental realization. ACS Catal. 10, 3658–3663. doi:10.1021/acscatal.9b04302
 Nezam, I., Zhou, W., Gusmão, G. S., Realff, M. J., Wang, Y., Medford, A. J., et al. (2021). Direct aromatization of CO2 via combined CO2 hydrogenation and zeolite-based acid catalysis. J. CO2 Util. 45, 101405. doi:10.1016/j.jcou.2020.101405
 Ni, Y., Chen, Z., Fu, Y., Liu, Y., Zhu, W., and Liu, Z. (2018). Selective conversion of CO2 and H2 into aromatics. Nat. Commun. 9, 3457. doi:10.1038/s41467-018-05880-4
 Nishiyama, N., Kawaguchi, M., Hirota, Y., Van Vu, D., Egashira, Y., and Ueyama, K. (2009). Size control of SAPO-34 crystals and their catalyst lifetime in the methanol-to-olefin reaction. Appl. Catal. A General 362, 193–199. doi:10.1016/j.apcata.2009.04.044
 Niziolek, A. M., Onel, O., and Floudas, C. A. (2016). Production of benzene, toluene, and xylenes from natural gas via methanol: Process synthesis and global optimization. AIChE J. 62, 1531–1556. doi:10.1002/aic.15144
 Noreen, A., Li, M., Fu, Y., Amoo, C. C., Wang, J., Maturura, E., et al. (2020). One-pass hydrogenation of CO2 to multibranched isoparaffins over bifunctional zeolite-based catalysts. ACS Catal. 10, 14186–14194. doi:10.1021/acscatal.0c03292
 Numpilai, T., Chanlek, N., Poo-Arporn, Y., Wannapaiboon, S., Cheng, C. K., Siri-Nguan, N., et al. (2019). Pore size effects on physicochemical properties of Fe-Co/K-Al2O3 catalysts and their catalytic activity in CO2 hydrogenation to light olefins. Appl. Surf. Sci. 483, 581–592. doi:10.1016/j.apsusc.2019.03.331
 Numpilai, T., Witoon, T., Chanlek, N., Limphirat, W., Bonura, G., Chareonpanich, M., et al. (2017). Structure–activity relationships of Fe-Co/K-Al2O3 catalysts calcined at different temperatures for CO2 hydrogenation to light olefins. Appl. Catal. A General 547, 219–229. doi:10.1016/j.apcata.2017.09.006
 Ojelade, O. A., and Zaman, S. F. (2021). A review on CO2 hydrogenation to lower olefins: Understanding the structure-property relationships in heterogeneous catalytic systems. J. CO2 Util. 47, 101506. doi:10.1016/j.jcou.2021.101506
 Ola, O., and Maroto-Valer, M. M. (2016). Synthesis, characterization and visible light photocatalytic activity of metal based TiO2 monoliths for CO2 reduction. Chem. Eng. J. 283, 1244–1253. doi:10.1016/j.cej.2015.07.090
 Ola, O., and Mercedes Maroto-Valer, M. (2014). Role of catalyst carriers in CO2 photoreduction over nanocrystalline nickel loaded TiO2-based photocatalysts. J. Catal. 309, 300–308. doi:10.1016/j.jcat.2013.10.016
 Olsbye, U., Svelle, S., Bjorgen, M., Beato, P., Janssens, T. V., Joensen, F., et al. (2012). Conversion of methanol to hydrocarbons: How zeolite cavity and pore size controls product selectivity. Angew. Chem. Int. Ed. 51, 5810–5831. doi:10.1002/anie.201103657
 Owen, R. E., Plucinski, P., Mattia, D., Torrente-Murciano, L., Ting, V. P., and Jones, M. D. (2016). Effect of support of Co-Na-Mo catalysts on the direct conversion of CO2 to hydrocarbons. J. CO2 Util. 16, 97–103. doi:10.1016/j.jcou.2016.06.009
 Peterson, A. A., Abild-Pedersen, F., Studt, F., Rossmeisl, J., and Nørskov, J. K. (2010). How copper catalyzes the electroreduction of carbon dioxide into hydrocarbon fuels. Energy Environ. Sci. 3, 1311. doi:10.1039/c0ee00071j
 Porosoff, M. D., Yan, B., and Chen, J. G. (2016). Catalytic reduction of CO2 by H2 for synthesis of CO, methanol and hydrocarbons: Challenges and opportunities. Energy Environ. Sci. 9, 62–73. doi:10.1039/c5ee02657a
 Poursaeidesfahani, A., de Lange, M. F., Khodadadian, F., Dubbeldam, D., Rigutto, M., et al. (2017). Product shape selectivity of MFI-type, MEL-type, and BEA-type zeolites in the catalytic hydroconversion of heptane. J. Catal. 353, 54–62. doi:10.1016/j.jcat.2017.07.005
 Prasad, P. V. V., Thomas, J. M. G., and Narayanan, S. (2017). “Global warming effects,” in Encyclopedia of applied plant sciences ed . Editors B. Thomas, B. G. Murray, and D. J. Murphy. Second Edition (Oxford: Academic Press), 289–299.
 Prieto, G. (2017). Carbon dioxide hydrogenation into higher hydrocarbons and oxygenates: Thermodynamic and kinetic bounds and progress with heterogeneous and homogeneous catalysis. ChemSusChem 10, 1056–1070. doi:10.1002/cssc.201601591
 Qadir, M. I., Bernardi, F., Scholten, J. D., Baptista, D. L., and Dupont, J. (2019). Synergistic CO2 hydrogenation over bimetallic Ru/Ni nanoparticles in ionic liquids. Appl. Catal. B Environ. 252, 10–17. doi:10.1016/j.apcatb.2019.04.005
 Qadir, M. I., Weilhard, A., Fernandes, J. A., de Pedro, I., Vieira, B. J. C., Waerenborgh, J. C., et al. (2018). Selective carbon dioxide hydrogenation driven by ferromagnetic RuFe nanoparticles in ionic liquids. ACS Catal. 8, 1621–1627. doi:10.1021/acscatal.7b03804
 Ramirez, A., Dutta Chowdhury, A., Caglayan, M., Rodriguez-Gomez, A., Wehbe, N., Abou-Hamad, E., et al. (2020). Coated sulfated zirconia/SAPO-34 for the direct conversion of CO2 to light olefins. Catal. Sci. Technol. 10, 1507–1517. doi:10.1039/c9cy02532d
 Ramirez, A., Dutta Chowdhury, A., Dokania, A., Cnudde, P., Caglayan, M., Yarulina, I., et al. (2019). Effect of zeolite topology and reactor configuration on the direct conversion of CO2 to light olefins and aromatics. ACS Catal. 9, 6320–6334. doi:10.1021/acscatal.9b01466
 Ramirez, A., Gevers, L., Bavykina, A., Ould-Chikh, S., and Gascon, J. (2018). Metal organic framework-derived iron catalysts for the direct hydrogenation of CO2 to short chain olefins. ACS Catal. 8, 9174–9182. doi:10.1021/acscatal.8b02892
 Ramyashree, M. S., Shanmuga Priya, S., Freudenberg, N. C., Sudhakar, K., and Tahir, M. (2021). Metal-organic framework-based photocatalysts for carbon dioxide reduction to methanol: A review on progress and application. J. CO2 Util. 43, 101374. doi:10.1016/j.jcou.2020.101374
 Ren, T., Patel, M., and Blok, K. (2006). Olefins from conventional and heavy feedstocks: Energy use in steam cracking and alternative processes. Energy 31, 425–451. doi:10.1016/j.energy.2005.04.001
 Ren, T., Patel, M., and Blok, K. (2008). Steam cracking and methane to olefins: Energy use, CO2 emissions and production costs. Energy 33, 817–833. doi:10.1016/j.energy.2008.01.002
 Ribeiro, M. C., Jacobs, G., Davis, B. H., Cronauer, D. C., Kropf, A. J., and Marshall, C. L. (2010). Fischer−Tropsch synthesis: An in-situ TPR-EXAFS/XANES investigation of the influence of group I alkali promoters on the local atomic and electronic structure of carburized iron/silica catalysts. J. Phys. Chem. C 114, 7895–7903. doi:10.1021/jp911856q
 Ronda-Lloret, M., Rothenberg, G., and Shiju, N. R. (2019). A critical look at direct catalytic hydrogenation of carbon dioxide to olefins. ChemSusChem 12, 3896–3914. doi:10.1002/cssc.201900915
 Rongxian, B., Yisheng, T., and Yizhuo, H. (2004). Study on the carbon dioxide hydrogenation to iso-alkanes over Fe–Zn–M/zeolite composite catalysts. Fuel Process. Technol. 86, 293–301. doi:10.1016/j.fuproc.2004.05.001
 Rønning, M., Tsakoumis, N. E., Voronov, A., Johnsen, R. E., Norby, P., van Beek, W., et al. (2010). Combined XRD and XANES studies of a Re-promoted Co/γ-Al2O3 catalyst at Fischer–Tropsch synthesis conditions. Catal. Today 155, 289–295. doi:10.1016/j.cattod.2009.10.010
 Rytter, E., and Holmen, A. (2017). Perspectives on the effect of water in cobalt fischer–tropsch synthesis. ACS Catal. 7, 5321–5328. doi:10.1021/acscatal.7b01525
 Saeidi, S., Najari, S., Hessel, V., Wilson, K., Keil, F. J., Concepción, P., et al. (2021). Recent advances in CO2 hydrogenation to value-added products - current challenges and future directions. Prog. Energy Combust. Sci. 85, 100905. doi:10.1016/j.pecs.2021.100905
 Samanta, A., Landau, M. V., Vidruk-Nehemya, R., and Herskowitz, M. (2017). CO2 hydrogenation to higher hydrocarbons on K/Fe–Al–O spinel catalysts promoted with Si, Ti, Zr, Hf, Mn and Ce. Catal. Sci. Technol. 7, 4048–4063. doi:10.1039/c7cy01118k
 Santos, G. (2017). Road transport and CO2 emissions: What are the challenges?Transp. Policy 59, 71–74. doi:10.1016/j.tranpol.2017.06.007
 Sanz-Pérez, E. S., Murdock, C. R., Didas, S. A., and Jones, C. W. (2016). Direct capture of CO2 from ambient air. Chem. Rev. 116, 11840–11876. doi:10.1021/acs.chemrev.6b00173
 Satthawong, R., Koizumi, N., Song, C., and Prasassarakich, P. (2013). Bimetallic Fe–Co catalysts for CO2 hydrogenation to higher hydrocarbons. J. CO2 Util. 3-4, 102–106. doi:10.1016/j.jcou.2013.10.002
 Satthawong, R., Koizumi, N., Song, C., and Prasassarakich, P. (2015). Light olefin synthesis from CO2 hydrogenation over K-promoted Fe–Co bimetallic catalysts. Catal. Today 251, 34–40. doi:10.1016/j.cattod.2015.01.011
 Schneider, J., Matsuoka, M., Takeuchi, M., Zhang, J., Horiuchi, Y., Anpo, M., et al. (2014). Understanding TiO2 photocatalysis: Mechanisms and materials. Chem. Rev. 114, 9919–9986. doi:10.1021/cr5001892
 Senger, S., and Radom, L. (2000). Zeolites as transition-metal-free hydrogenation Catalysts:  A theoretical mechanistic study. J. Am. Chem. Soc. 122, 2613–2620. doi:10.1021/ja9935097
 Shamzhy, M., Opanasenko, M., Concepción, P., and Martínez, A. (2019). New trends in tailoring active sites in zeolite-based catalysts. Chem. Soc. Rev. 48, 1095–1149. doi:10.1039/c8cs00887f
 Shi, Z., Yang, H., Gao, P., Chen, X., Liu, H., Zhong, L., et al. (2018). Effect of alkali metals on the performance of CoCu/TiO2 catalysts for CO2 hydrogenation to long-chain hydrocarbons. Chin. J. Catal. 39, 1294–1302. doi:10.1016/s1872-2067(18)63086-4
 Shukla, J. B., Verma, M., and Misra, A. K. (2017). Effect of global warming on sea level rise: A modeling study. Ecol. Complex. 32, 99–110. doi:10.1016/j.ecocom.2017.10.007
 Smith, A., Keane, A., Dumesic, J. A., Huber, G. W., and Zavala, V. M. (2020). A machine learning framework for the analysis and prediction of catalytic activity from experimental data. Appl. Catal. B Environ. 263, 118257. doi:10.1016/j.apcatb.2019.118257
 Song, H., Laudenschleger, D., Carey, J. J., Ruland, H., Nolan, M., and Muhler, M. (2017). Spinel-structured ZnCr2O4 with excess Zn is the active ZnO/Cr2O3 catalyst for high-temperature methanol synthesis. ACS Catal. 7, 7610–7622. doi:10.1021/acscatal.7b01822
 Soualah, A., Lemberton, J. L., Pinard, L., Chater, M., Magnoux, P., and Moljord, K. (2008). Hydroisomerization of long-chain n-alkanes on bifunctional Pt/zeolite catalysts: Effect of the zeolite structure on the product selectivity and on the reaction mechanism. Appl. Catal. A General 336, 23–28. doi:10.1016/j.apcata.2007.09.038
 Sun, Q., Wang, N., Guo, G., Chen, X., and Yu, J. (2015). Synthesis of tri-level hierarchical SAPO-34 zeolite with intracrystalline micro-meso-macroporosity showing superior MTO performance. J. Mat. Chem. A Mat. 3, 19783–19789. doi:10.1039/c5ta04642d
 Tackett, B. M., Gomez, E., and Chen, J. G. (2019). Net reduction of CO2 via its thermocatalytic and electrocatalytic transformation reactions in standard and hybrid processes. Nat. Catal. 2, 381–386. doi:10.1038/s41929-019-0266-y
 Tan, L., Zhang, P., Cui, Y., Suzuki, Y., Li, H., Guo, L., et al. (2019). Direct CO2 hydrogenation to light olefins by suppressing CO by-product formation. Fuel Process. Technol. 196, 106174. doi:10.1016/j.fuproc.2019.106174
 Tangkawanit, S., Rangsriwatananon, K., and Dyer, A. (2005). Ion exchange of Cu2+, Ni2+, Pb2+ and Zn2+ in analcime (ANA) synthesized from Thai perlite. Microporous Mesoporous Mater. 79, 171–175. doi:10.1016/j.micromeso.2004.10.040
 Tao, H., Yang, H., Liu, X., Ren, J., Wang, Y., and Lu, G. (2013). Highly stable hierarchical ZSM-5 zeolite with intra- and inter-crystalline porous structures. Chem. Eng. J. 225, 686–694. doi:10.1016/j.cej.2013.03.109
 Tao, M., Meng, X., Lv, Y., Bian, Z., and Xin, Z. (2016). Effect of impregnation solvent on Ni dispersion and catalytic properties of Ni/SBA-15 for CO methanation reaction. Fuel 165, 289–297. doi:10.1016/j.fuel.2015.10.023
 Tian, H., Yao, J., Zha, F., Yao, L., and Chang, Y. (2020). Catalytic activity of SAPO-34 molecular sieves prepared by using palygorskite in the synthesis of light olefins via CO2 hydrogenation. Appl. Clay Sci. 184, 105392. doi:10.1016/j.clay.2019.105392
 Torrente-Murciano, L., Chapman, R. S., Narvaez-Dinamarca, A., Mattia, D., and Jones, M. D. (2016). Effect of nanostructured ceria as support for the iron catalysed hydrogenation of CO2 into hydrocarbons. Phys. Chem. Chem. Phys. 18, 15496–15500. doi:10.1039/c5cp07788e
 Tumuluri, U., Howe, J. D., Mounfield, W. P., Li, M., Chi, M., Hood, Z. D., et al. (2017). Effect of surface structure of TiO2 nanoparticles on CO2 adsorption and SO2 resistance. ACS Sustain. Chem. Eng. 5, 9295–9306. doi:10.1021/acssuschemeng.7b02295
 Van Der Laan, G., and Beenackers, A. A. C. M. (1999). Kinetics and selectivity of the fischer–tropsch synthesis: A literature review. Catal. Rev. 41, 255–318. doi:10.1081/cr-100101170
 Veenstra, F. L. P., Ackerl, N., Martín, A. J., and Pérez-Ramírez, J. (2020). Laser-microstructured copper reveals selectivity patterns in the electrocatalytic reduction of CO2. Chem 6, 1707–1722. doi:10.1016/j.chempr.2020.04.001
 Visconti, C. G., Martinelli, M., Falbo, L., Infantes-Molina, A., Lietti, L., Forzatti, P., et al. (2017). CO2 hydrogenation to lower olefins on a high surface area K-promoted bulk Fe-catalyst. Appl. Catal. B Environ. 200, 530–542. doi:10.1016/j.apcatb.2016.07.047
 Wajima, T., Shimizu, T., and Ikegami, Y. (2008). Zeolite synthesis from paper sludge ash with addition of diatomite. J. Chem. Technol. Biotechnol. 83, 921–927. doi:10.1002/jctb.1893
 Wang, C., Yang, M., Tian, P., Xu, S., Yang, Y., Wang, D., et al. (2015). Dual template-directed synthesis of SAPO-34 nanosheet assemblies with improved stability in the methanol to olefins reaction. J. Mat. Chem. A Mat. 3, 5608–5616. doi:10.1039/c4ta06124a
 Wang, D., Xie, Z., Porosoff, M. D., and Chen, J. G. (2021). Recent advances in carbon dioxide hydrogenation to produce olefins and aromatics. Chem 7, 2277–2311. doi:10.1016/j.chempr.2021.02.024
 Wang, P., Zha, F., Yao, L., and Chang, Y. (2018). Synthesis of light olefins from CO2 hydrogenation over (CuO-ZnO)-kaolin/SAPO-34 molecular sieves. Appl. Clay Sci. 163, 249–256. doi:10.1016/j.clay.2018.06.038
 Wang, Q., Luo, J., Zhong, Z., and Borgna, A. (2011). CO2 capture by solid adsorbents and their applications: Current status and new trends. Energy Environ. Sci. 4, 42–55. doi:10.1039/c0ee00064g
 Wang, S., Wang, P., Qin, Z., Yan, W., Dong, M., Li, J., et al. (2020). Enhancement of light olefin production in CO2 hydrogenation over In2O3-based oxide and SAPO-34 composite. J. Catal. 391, 459–470. doi:10.1016/j.jcat.2020.09.010
 Wang, W., Jiang, X., Wang, X., and Song, C. (2018). Fe-Cu bimetallic catalysts for selective CO2 hydrogenation to olefin-rich C2+ hydrocarbons. Ind. Eng. Chem. Res. 57, 4535–4542. doi:10.1021/acs.iecr.8b00016
 Wang, X., Yang, G., Zhang, J., Chen, S., Wu, Y., Zhang, Q., et al. (2016). Synthesis of isoalkanes over a core (Fe-Zn-Zr)-shell (zeolite) catalyst by CO2 hydrogenation. Chem. Commun. 52, 7352–7355. doi:10.1039/c6cc01965j
 Wang, X., Yang, G., Zhang, J., Song, F., Wu, Y., Zhang, T., et al. (2019). Macroscopic assembly style of catalysts significantly determining their efficiency for converting CO2 to gasoline. Catal. Sci. Technol. 9, 5401–5412. doi:10.1039/c9cy01470e
 Wang, X., Zeng, C., Gong, N., Zhang, T., Wu, Y., Zhang, J., et al. (2021). Effective suppression of CO selectivity for CO2 hydrogenation to high-quality gasoline. ACS Catal. 11, 1528–1547. doi:10.1021/acscatal.0c04155
 Wang, X., Zhang, J., Chen, J., Ma, Q., Fan, S., and Zhao, T. s. (2018). Effect of preparation methods on the structure and catalytic performance of Fe–Zn/K catalysts for CO2 hydrogenation to light olefins. Chin. J. Chem. Eng. 26, 761–767. doi:10.1016/j.cjche.2017.10.013
 Wang, Y., Kazumi, S., Gao, W., Gao, X., Li, H., Guo, X., et al. (2020). Direct conversion of CO2 to aromatics with high yield via a modified Fischer-Tropsch synthesis pathway. Appl. Catal. B Environ. 269, 118792. doi:10.1016/j.apcatb.2020.118792
 Wang, Y., Tan, L., Tan, M., Zhang, P., Fang, Y., Yoneyama, Y., et al. (2018). Rationally designing bifunctional catalysts as an efficient strategy to boost CO2 hydrogenation producing value-added aromatics. ACS Catal. 9, 895–901. doi:10.1021/acscatal.8b01344
 Weber, D., He, T., Wong, M., Moon, C., Zhang, A., Foley, N., et al. (2021). Recent advances in the mitigation of the catalyst deactivation of CO2 hydrogenation to light olefins. Catalysts 11, 1447. doi:10.3390/catal11121447
 Wei, J., Ge, Q., Yao, R., Wen, Z., Fang, C., Guo, L., et al. (2017). Directly converting CO2 into a gasoline fuel. Nat. Commun. 8, 15174. doi:10.1038/ncomms15174
 Wei, J., Yao, R., Ge, Q., Wen, Z., Ji, X., Fang, C., et al. (2018). Catalytic hydrogenation of CO2 to isoparaffins over Fe-based multifunctional catalysts. ACS Catal. 8, 9958–9967. doi:10.1021/acscatal.8b02267
 Weisz, P. B. (1962). Polyfunctional heterogeneous catalysis. Adv. Catal. 13, 137–190. doi:10.1016/S0360-0564(08)60287-4
 Whang, H. S., Lim, J., Choi, M. S., Lee, J., and Lee, H. (2019). Heterogeneous catalysts for catalytic CO2 conversion into value-added chemicals. BMC Chem. Eng. 1, 9. doi:10.1186/s42480-019-0007-7
 Xu, H., Li, Y., and Huang, H. (2017). Spatial research on the effect of financial structure on CO2 emission. Energy Procedia 118, 179–183. doi:10.1016/j.egypro.2017.07.037
 Xu, K., Sun, B., Lin, J., Wen, W., Pei, Y., Yan, S., et al. (2014). ε-Iron carbide as a low-temperature Fischer–Tropsch synthesis catalyst. Nat. Commun. 5, 5783. doi:10.1038/ncomms6783
 Xu, Y., Shi, C., Liu, B., Wang, T., Zheng, J., Li, W., et al. (2019). Selective production of aromatics from CO2. Catal. Sci. Technol. 9, 593–610. doi:10.1039/c8cy02024h
 Yan, N., and Philippot, K. (2018). Transformation of CO2 by using nanoscale metal catalysts: Cases studies on the formation of formic acid and dimethylether. Curr. Opin. Chem. Eng. 20, 86–92. doi:10.1016/j.coche.2018.03.006
 Yang, M., Tian, P., Wang, C., Yuan, Y., Yang, Y., Xu, S., et al. (2014). A top-down approach to prepare silicoaluminophosphate molecular sieve nanocrystals with improved catalytic activity. Chem. Commun. 50, 1845–1847. doi:10.1039/c3cc48264b
 Yao, B., Ma, W., Gonzalez-Cortes, S., Xiao, T., and Edwards, P. P. (2017). Thermodynamic study of hydrocarbon synthesis from carbon dioxide and hydrogen. Greenh. Gas. Sci. Technol. 7, 942–957. doi:10.1002/ghg.1694
 Yao, B., Xiao, T., Makgae, O. A., Jie, X., Gonzalez-Cortes, S., Guan, S., et al. (2020). Transforming carbon dioxide into jet fuel using an organic combustion-synthesized Fe-Mn-K catalyst. Nat. Commun. 11, 6395. doi:10.1038/s41467-020-20214-z
 Yu, J. C., Ho, W., Yu, J., Yip, H., Wong, P. K., and Zhao, J. (2005). Efficient visible-light-induced photocatalytic disinfection on sulfur-doped nanocrystalline titania. Environ. Sci. Technol. 39, 1175–1179. doi:10.1021/es035374h
 Zachopoulos, A., and Heracleous, E. (2017). Overcoming the equilibrium barriers of CO2 hydrogenation to methanol via water sorption: A thermodynamic analysis. J. CO2 Util. 21, 360–367. doi:10.1016/j.jcou.2017.06.007
 Zhai, P., Xu, C., Gao, R., Liu, X., Li, M., Li, W., et al. (2016). Highly tunable selectivity for syngas-derived alkenes over zinc and sodium-modulated Fe5C2 catalyst. Angew. Chem. Int. Ed. Engl. 55, 10056–10061. doi:10.1002/ange.201603556
 Zhang, G., Amoo, C. C., Li, M., Wang, J., Lu, C., Lu, P., et al. (2019). Rational design of syngas to isoparaffins reaction route over additive dehydrogenation catalyst in a triple-bed system. Catal. Commun. 131, 105799. doi:10.1016/j.catcom.2019.105799
 Zhang, G. Q., Bai, T., Chen, T. F., Fan, W. T., and Zhang, X. (2014). Conversion of methanol to light aromatics on Zn-modified nano-HZSM-5 zeolite catalysts. Ind. Eng. Chem. Res. 53, 14932–14940. doi:10.1021/ie5021156
 Zhang, J., Lu, S., Su, X., Fan, S., Ma, Q., and Zhao, T. (2015). Selective formation of light olefins from CO2 hydrogenation over Fe–Zn–K catalysts. J. CO2 Util. 12, 95–100. doi:10.1016/j.jcou.2015.05.004
 Zhang, J., Zhang, M., Chen, S., Wang, X., Zhou, Z., Wu, Y., et al. (2019). Hydrogenation of CO2 into aromatics over a ZnCrOx-zeolite composite catalyst. Chem. Commun. 55, 973–976. doi:10.1039/c8cc09019j
 Zhang, L., Chen, K., Chen, B., White, J. L., and Resasco, D. E. (2015). Factors that determine zeolite stability in hot liquid water. J. Am. Chem. Soc. 137, 11810–11819. doi:10.1021/jacs.5b07398
 Zhang, L., Dang, Y., Zhou, X., Gao, P., van Bavel, A. P., Wang, H., et al. (2021). Direct conversion of CO2 to a jet fuel over CoFe alloy catalysts. Innovation 2, 100170. doi:10.1016/j.xinn.2021.100170
 Zhang, P., Yan, J., Han, F., Qiao, X., Guan, Q., and Li, W. (2022). Controllable assembly of Fe3O4-Fe3C@MC by in situ doping of Mn for CO2 selective hydrogenation to light olefins. Catal. Sci. Technol. 12, 2360–2368. doi:10.1039/d2cy00173j
 Zhang, Q., Li, Y., Ackerman, E. A., Gajdardziska-Josifovska, M., and Li, H. (2011). Visible light responsive iodine-doped TiO2 for photocatalytic reduction of CO2 to fuels. Appl. Catal. A General 400, 195–202. doi:10.1016/j.apcata.2011.04.032
 Zhang, X., Zhang, A., Jiang, X., Zhu, J., Liu, J., Li, J., et al. (2019). Utilization of CO2 for aromatics production over ZnO/ZrO2-ZSM-5 tandem catalyst. J. CO2 Util. 29, 140–145. doi:10.1016/j.jcou.2018.12.002
 Zhao, B., Zhai, P., Wang, P., Li, J., Li, T., Peng, M., et al. (2017). Direct transformation of syngas to aromatics over Na-Zn-Fe5C2 and hierarchical HZSM-5 tandem catalysts. Chem 3, 323–333. doi:10.1016/j.chempr.2017.06.017
 Zhou, C., Shi, J., Zhou, W., Cheng, K., Zhang, Q., Kang, J., et al. (2019). Highly active ZnO-ZrO2 aerogels integrated with H-ZSM-5 for aromatics synthesis from carbon dioxide. ACS Catal. 10, 302–310. doi:10.1021/acscatal.9b04309
 Zhou, C., Wang, N., Qian, Y., Liu, X., Caro, J., and Huang, A. (2016). Efficient synthesis of dimethyl ether from methanol in a bifunctional zeolite membrane reactor. Angew. Chem. Int. Ed. 55, 12678–12682. doi:10.1002/anie.201604753
 Zhou, G., Liu, H., Cui, K., Xie, H., Jiao, Z., Zhang, G., et al. (2017). Methanation of carbon dioxide over Ni/CeO2 catalysts: Effects of support CeO2 structure. Int. J. Hydrogen Energy 42, 16108–16117. doi:10.1016/j.ijhydene.2017.05.154
 Zhou, W., Cheng, K., Kang, J., Zhou, C., Subramanian, V., Zhang, Q., et al. (2019). New horizon in C1 chemistry: Breaking the selectivity limitation in transformation of syngas and hydrogenation of CO2 into hydrocarbon chemicals and fuels. Chem. Soc. Rev. 48, 3193–3228. doi:10.1039/c8cs00502h
 Zhou, X., Wei, X.-Y., Liu, Z.-Q., Lv, J.-H., Wang, Y.-L., Li, Z.-K., et al. (2017). Highly selective catalytic hydroconversion of benzyloxybenzene to bicyclic cyclanes over bifunctional nickel catalysts. Catal. Commun. 98, 38–42. doi:10.1016/j.catcom.2017.04.042
 Zhu, M., Tian, P., Ford, M. E., Chen, J., Xu, J., Han, Y.-F., et al. (2020). Nature of reactive oxygen intermediates on copper-promoted iron–chromium oxide catalysts during CO2 activation. ACS Catal. 10, 7857–7863. doi:10.1021/acscatal.0c01311
Conflict of interest: Authors BY, PE and TX were employed by OXCCU Tech Ltd.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Cui, Liu, Yao, Edwards, Xiao and Cao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_12.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		A review of catalytic hydrogenation of carbon dioxide: From waste to hydrocarbons		1 Introduction		1.1 Hazards of CO2

		1.2 Ways of managing CO2

		1.3 Review objective





		2 Various routes for CO2 hydrogenation		2.1 CO2 conversion to hydrocarbons via the MeOH route

		2.2 CO2 conversion to hydrocarbons via the RWGS-FTS route

		2.3 Direct hydrogenation of CO2





		3 CO2 hydrogenation to light olefins		3.1 Promoters

		3.2 Catalyst supports

		3.3 Preparation methods

		3.4 Optimization of reaction conditions





		4 CO2 hydrogenation to gasoline		4.1 Zeolite-based catalysts for CO2 conversion into gasoline

		4.2 Non-zeolite catalysts for CO2 conversion into gasoline





		5 CO2 hydrogenation to jet fuels		5.1 Promoters

		5.2 Catalyst supports

		5.3 Preparation and operation conditions





		6 CO2 hydrogenation to aromatics

		7 Conclusion and future opportunities		7.1 Modification of composition and structures of catalysts

		7.2 Simulation and calculations

		7.3 Inhibition of deactivation and improvement of stability

		7.4 Optimization of operating conditions





		Author contributions

		Publisher’s note

		References









OPS/images/math_11.gif





OPS/images/math_14.gif





OPS/images/math_13.gif





OPS/images/math_10.gif
In(W,/n) =nlna+In[(1-a) [a],





OPS/images/math_1.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
2 frontiers | Frontiers in Chemistry





OPS/images/fchem-10-1037997-g005.gif
"«fﬁ‘i@fﬁff}*&"

FE SIS Fra

&

comisatuty )






OPS/images/fchem-10-1037997-g006.gif





OPS/images/fchem-10-1037997-g003.gif





OPS/images/fchem-10-1037997-g004.gif





OPS/images/fchem-10-1037997-t002.jpg
Catalyst H,/CO, Reaction Reaction GHSV CO, Product selectivity (%)  Ref
(molar) temperature pressure (gas conversion
(€ (MPa) hourly (%) CO G, Aromatics
space Cr
velocity) 4
Fe,0,/KO,/ZSM-5 3.0 375 30 5000 ml/igh 489 NA 121 249 Ramirez
Fe;0,/KO,/MOR 3.0 375 30 5000 ml/gh 483 NA 333 26 etal. (2019
nO/Z10,/H-ZSM- 3.0 340 40 7200 mligh  ~16 ~35  ~6 ~74 Zhou et al.
5 (powder) (2019b)
ZnO/ZrO,/H-ZSM- 3.0 340 40 7200 ml/gh  ~11 ~30 ~10 ~64
5 (60-100 mesh)
Zn0/ZrO,/H-ZSM- 3.0 340 40 7200 ml/gh  ~9 -0 ~25 25
5 (dual bed)
ZnCr/H-ZSM-5 30 350 50 2,000 ml/gh 302 601 107 917 Zhang et al
(SI0,/ALO; = 50) (20192)
ZnCr/ZnZSM-5 30 350 50 2,000 m/gh 332 593 284 265
(SI0,/ALO; = 50)
ZnCr/H-ZSM-5 3.0 350 50 2,000 ml/gh 316 710 N/A 651
(SI0,/ALO; = 140)
ZnCr/Zn/ZSM-5 30 350 50 2,000 ml/gh 305 608 NA 623
(S10/A1,05 = 140)
ZnAlO/H-ZSM-5 3.0 320 30 6,000 ml/gh  ~5.1 ~45  ~l4 55 Ni etal.
(mixing) (2018)
ZnAlO/H-ZSM-5 3.0 320 30 6000 ml/gh  ~47 ~57 ~9 ~20
(dual bed)
ZnAlO/H-ZSM-5 3.0 320 30 6,000 ml/gh  ~5.4 574 ~15 65

(grinding)





OPS/images/fchem-10-1037997-g007.gif
qoleem IIIIII

BT






OPS/images/fchem-10-1037997-t001.jpg
Catalyst

Fe;0,

Fe/Mn

Fe/Na

Fe/Na
Fe/Na/HZSM-5
Fe/Na/HZSM-5
Fe/Na/HZSM-5
Fe;O5
Fe,05-CT600
CuFeO,-12

Cu;0-Fe;0;
CuFe,0,
K-Fel5

FeCu (0.17)/K
(10)/ALO,

MIL-53/Fe,0;

2 um ZIF-8/
Fe,0;

300 nm ZIF-8/
Fe,05

150 nm ZIF-8/
Fe,05

Fe-Co/K/AL,O5
Fe/K/C

Na/Fe
Mn-Na/Fe
Fe@NC
K/Fe@NC
Fe,0,-K
Fe-Zn-K

Fe-Co/
K-ALO;-400
Fe-Co/
K-ALO3-500
Fe-Co/
K-ALO;-600
Fe-Col
K-ALO,-700

Fe-Co/
K-ALO,-800

H,/CO,
(molar)

30
30
30
30
30
30
3.0
30
30
30

30
30
3.0
30

3.0
30

30
30
N/A
30

30
30
30
30
30
30
3.0

30
30
30

30

Reaction
temperature ("C)

340
340
340
320
340
300
340
300
300
300

300
300
270
300

300
300

300
300
300
350

320
320
320
320
320
320
340

340
340
340

340

Reaction
pressure
(MPa)

1.0
1.0
10
10
10
02
1.0
10
10
10

10
10
05
L1

30
30

30
30
L1
30

30
30
30
30
05
05
20

20
20
20

20

GHSV (gas
hourly
space
velocity)

4,800 ml/gh
4,800 ml/gh
4,800 ml/gh
4,800 ml/gh
4,800 ml/gh
4,800 ml/gh
4,800 ml/gh
1,140 mligh
1,140 mligh
1,800 mligh

1,800 mligh
1,800 mligh
2,700 mligh
3,600 mligh

3,600 mligh
3,600 ml/gh

3,600 mligh
3,600 mligh
3,600ml/gs
24,000 ml/gh

2,040 ml/gh
2,040 mligh
7,200 ml/gh
7,200 mligh
1,000 mligh
1,000 mligh
N/A

N/A
N/A
N/A

N/A

CO,
conversion
(%)

27.0
273
330
299
309
238
218
18

23

181

157
133
45

293

~21
~31

~27
~23
N/A
385

36.8
386
28

30.6
539
510
49.0

459
414
376

372

Selectivity (%)  Ref

CO CH,
359 432
300 360
209 207
247 132
264 265
833 562
409 147
N/A 37
N/A 14
319 39
289 576
284 383
~13  ~20
17 3
~20 ~40
~18 ~27
~21 ~21
~23 ~21
~19 ~25
17 ~21
101 7.0
117 118
178 268
186 169
55 268
6 349
9.4 230
127 218
148 185
245 138
289 135

Gy~
Cy

57 Xu et al. (2019)
35

244

27

32

153

57

76 Albrecht et al.
61 @017

Cy: Choietal
961 (2017a)

Cay

424

Cast

617

~35  Visconti et al.
(2017)

Co76  Wang et al.
(2018a)

0 Hu et al. (2016)

~7

~15

~21

~15  Satthawong
etal. (2015)

388 Ramirezetal.
(2018)

234 Liangetal.

02 (2019

212 Liu et al. (2019)
331

499 Zhangetal.
536 (2015a)

370 Numpiki et al
(2017)

37.1

383

330

302





OPS/images/math_9.gif
(9)





OPS/images/cover.jpg
& frontiers | Frontiers in Chemistry






OPS/images/math_8.gif
(8)





OPS/images/fchem-10-1037997-g001.gif
Carbon Numbers

o JANINIS





OPS/images/math_5.gif
b






OPS/images/fchem-10-1037997-g002.gif





OPS/images/math_7.gif
nCO,(g)+3nH;(g) — (~-CH; - ), (g) +2nH,0(g). (7)





OPS/images/math_6.gif
(~CH;~),(g) — aromatcis. (6)





OPS/images/math_2.gif
MIO: nCH,OH(g) — ( -CH;






OPS/images/math_15.gif





OPS/images/math_4.gif
RWGS: CO,(g) + H;(g) — CO(g)

+ H,0(g),





OPS/images/math_3.gif
MTA: nCHyOH (g) — C,H,,/C,Hy,,: — aromatcis. (3)





