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Abstract

:

Utilizing carbon dioxide as a carbon source for the synthesis of olefins and aromatics has emerged as one of the most practical methods for CO2 reduction. In this study, an improved selectivity of 85% for targeting products (ethylbenzene and propylbenzene) is achieved with a benzene conversion of 16.8% by coupling the hydrogenation of carbon dioxide to olefins over the bifunctional catalyst “Oxide-Zeolite” (OX-ZEO) and the alkylation of benzene with olefins over ZSM-5. In addition to investigating the influence of SAPO-34 and ZSM-5 zeolite acidity on product distribution, catalyst deactivation due to coke formation is addressed by modifying both molecular sieves to be hierarchical to extend the catalyst lifespan. Even after 100 h of operation at 400 °C, the catalysts maintained over 80% selectivity towards the target products, with benzene conversion over 14.2%. Furthermore, the pathway of propylbenzene formation is demonstrated through simple experimental design, revealing that the surface Brønsted acid sites of SAPO-34 serve as its primary formation sites. This provides a novel perspective for further investigation of the reaction network.
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1. Introduction


The hazards caused by the severe emission of carbon dioxide, such as ocean acidification and climate change, have become increasingly recognized [1,2]. At the same time, there is a growing understanding that carbon dioxide can serve as a benign carbon source for catalytic conversion into value-added fuels and chemicals [3,4,5,6]. This approach not only contributes to carbon dioxide emission reduction but also offers significant opportunities for employing carbon dioxide in the synthesis of olefins [7,8] and aromatics [9,10] as alternative strategies for mitigating emissions and developing cost-effective production routes for valuable chemicals.



Carbon dioxide catalytic conversion is a promising technology, which is currently focused on thermal catalysis [11], photocatalysis [12], electrocatalysis [13], etc. Photocatalysis, which can use energetic charge carriers (and the heat) to selectively drive a reaction toward a particular product along with the lowering of activation energy and allow for the discovery of novel and selective reaction pathways that were not possible in thermal catalysis [14], has been widely studied in various fields, such as the photocatalytic oxidation of BTEX over TiO2-based catalysts [15,16] and CO2 over cuprous oxide cubic particles. Especially, submicrometer cuprous oxide (Cu2O) cubic particles, which can exhibit strong electric and magnetic Mie resonances, are of great significance in improving the catalytic activity of metal oxide photocatalysts; the dielectric resonance-enhanced photocatalysis opens a new avenue for solar light harvesting and photocatalysis [17,18]. Researchers delve into the charge carrier dynamics of Cu2O nanoparticles, which offer links to scattering and photocarrier dynamics in real photocatalysts and provide a recipe for the accurate quantification of the photocarrier dynamics [19]. However, the field of photocatalytic CO2 is still on the verge of exploring and understanding the mechanisms of various catalytic reactions due to its high energy input, low yield, and poor stability.



On the other hand, aromatics, such as ethylbenzene and propylbenzene, serve as crucial organic raw materials extensively utilized across various industries, including chemical production and healthcare [20,21]. The main use of ethylbenzene is in the petrochemical industry as an intermediate for the production of styrene, which is further utilized to manufacture styrene-butadiene rubber, polystyrene, and expanded polystyrene [22,23]. Propylbenzene, conversely, finds widespread use as a solvent and in the printing and dyeing industry. The current industrial processes for producing propylbenzene are characterized by high consumption, time-intensiveness, substantial energy requirements, and significant wastewater emissions. The production methodology for ethylbenzene involves the alkylation of petroleum-based benzene, with ethylene produced from the cracking of naphtha, entailing high raw material costs, stringent catalyst lifespan requirements, and a heavy reliance on non-renewable petroleum resources [23,24,25]. Moreover, with the increasing market demand for ethylbenzene and the consequent shortage in the ethylene supply, these challenges have spurred researchers to explore new processes and the development of catalysts that are highly active, selective, and stable [26].



The structure–reactivity relationship is a hot topic in the field of catalysis, where tandem catalysis offers a promising solution for developing new production processes [27,28,29,30]. Reaction coupling integrates two or more reactions into a single reactor, conducting multiple unit operations and/or reaction processes simultaneously within one set of equipment. This approach enhances the coupling effect of the reactions, enabling precise control over the reaction steps. Consequently, it facilitates the high-selectivity synthesis of products with greater added value [31].



In essence, the process begins with the conversion of carbon dioxide into methanol/DME via metal/metal oxides, which is then swiftly transformed into lower olefins over the acid sites of SAPO-34, thereby activating CO2 on a bifunctional “Oxide–Zeolite” (OX-ZEO) catalyst to synthesize lower olefins. This is followed by alkylation with benzene in the subsequent bed layer on the acid sites of ZSM-5, selectively producing ethylbenzene and propylbenzene, thus achieving the coupling of reactions and the direct synthesis of high-value chemicals from carbon dioxide in one step [32]. The one-step method for producing ethylbenzene and propylbenzene simplifies the process flow, reduces energy consumption, and eliminates the need for the separation, transportation, and storage of reaction intermediates. In this work, by adjusting the acidity of the zeolite and altering the catalyst combination, it is possible not only to enhance the selectivity for ethylbenzene and propylbenzene to 85% with a benzene conversion of 16.8% but also to further investigate the generation sites for propylbenzene within this work system. This provides new insights for advancing the industrialization of new production processes for highly selective ethylbenzene and propylbenzene.




2. Results and Discussion


2.1. Structure and Properties of Zn2Ga2−mAlmOx


The XRD patterns of Zn/Ga/Al oxides with different ratios prepared by the co-precipitation method are depicted in Figure 1. Previous studies have proven that bivalent and trivalent metal oxides can easily form a spinel structure, namely, the AB2O4-type spinel [33]. Typical ZnGa2O4/ZnAl2O4 has a normal spinel crystal structure with an Fd3m space group. The normal spinel ZnGa2O4/ZnAl2O4 has tetrahedrally coordinated Zn sites (Td) surrounded by four oxygen atoms and octahedrally coordinated Ga/Al sites (Oh) surrounded by six oxygen atoms. The 32 oxygen ions are C3v sites arranged in a close-packed cubic formation, leaving 64 tetrahedral (Td) and 32 distorted (D3d) sites [34,35], which makes the metal oxides have thermal stability, chemical stability, and mechanical heat resistance. In this study, the diffraction pattern of ZnGaOx shows the characteristic peaks of ZnGa2O4 at 2θ = 18.44°, 30.31°, 35.70°, 57.40°, and 63.04°, which are attributed to the (111), (220), (311), (511), and (440) faces of the ZnGa2O4 spinel, respectively [36]. In particular, a peak at 31.73° denotes the (100) plane of ZnO. At Ga:Al = 3:1, 1:1, 1:3, the diffraction peaks of the spinel ZnAl2O4 (220), (311), and (422) planes appear at 2θ = 31.34°, 36.93°, and 55.79°, respectively [37], and the intensities gradually strengthen with the decrease in the Ga/Al ratio. In a nonstoichiometric spinel structure, excessive zinc can occupy the positions of aluminum. The radius of a Zn atom (134 pm) is smaller than that of an Al atom (143 pm), so the peaks that are characterized as a ZnAl2O4 spinel shift to higher angles according to Bragg’s law [38,39,40], which can totally explain why the peak of the ZnAl2O4 spinel (220) face changes slightly from 31.34° to 31.86°, 31.96°, and 31.78° at Ga:Al = 3:1, 1:1, and 1:3.



The TEM images of ZnAlOx, ZnGaOx, and Zn2Ga0.5Al1.5Ox are displayed in Figure S1. To investigate the impact of tri-elemental metal doping on the particle size distribution and surface morphology, we employed Transmission Electron Microscopy (TEM) to meticulously examine the three metal oxide samples. The mean size of ZnGaOx particles estimated from the TEM image was 22.5 nm, with a relatively narrow distribution (Figure S1a), displaying characteristic ZnO and spinel phases, which is corroborated by the X-ray Diffraction (XRD) results. The ZnAlOx samples were primarily composed of particles with dimensions around 4 nm and 15 nm, leading to a significant discrepancy in particle sizes. Meanwhile, the synthesized Zn2Ga0.5Al1.5Ox oxides show a remarkably narrow size distribution, confined within the range of 4–10 nm, and an average particle size of 5.5 nm, indicating that the addition of the three metals facilitates the dispersion of the particles as well as the reduction in the particle size. Morphologically, Zn2Ga0.5Al1.5Ox particles primarily exhibit a spinel structure without the appearance of any additional phases.



The textural properties of Zn/Ga/Al oxides are shown in Table 1. The specific surface area of the metal catalysts showed a volcanic trend with increasing Al content, and both the pore size and total pore volume decreased with a decreasing Ga/Al ratio, with a twofold difference.



To evaluate the electron structure and oxidation states of Zn, Al, Ga, and O in the ternary metal oxide system, X-ray Photoelectron Spectroscopy (XPS) characterization was conducted on individual samples (Figure 2). The Zn 2p XPS spectrum is shown in Figure 2a, where there are two peaks with binding energies (BEs) of 1021.22 eV and 1044.28 eV, attributed to the Zn 2p1/2 and 2p3/2 spin-orbit splitting peaks, originating from the ZnO or Zn/Ga/Al oxides, respectively [41]. There is no significant difference in the Zn 2p peaks between all samples, suggesting that the Zn species have the same electronic properties, and the energy difference between the peaks is 23.06 eV [42], proving that the oxidation state of Zn is Zn2+. Similarly, the high-resolution XPS spectrum of Al 2p is shown in Figure 2b, which only shows a single peak at 74.02 eV, and the oxidation state of Al can be determined as 3+; these Al3+ cations are bonded to oxygen as Al-O [43]. There is no obvious difference in the Al 2p peaks between the samples, suggesting that all of them have the same electronic structure.



Figure 2c shows the Ga 3d XPS spectra. Generally, the Ga 3d orbital spectra can be further decomposed into two separate peaks, Ga 3d3/2 and Ga 3d5/2, with BEs of 20.7 eV and 20.2 eV, respectively [44]. Since the whole spectrum is biased towards lower binding energies and oxygen vacancies (OVs) are reported to form on the surface of the samples due to defects or aberrations, an additional peak at the lower binding energy (19.2 eV) needs to be fitted to the curve to obtain a better fit [45,46]. OVs can be quantitatively described using the following equation: OVs concentrations = [Svacancies/(Svacancies + SGa 3d3/2 + SGa 3d5/2)] [47]. According to Figure 2c, the OVs content shows a “volcano” plot trend as the Ga/Al ratio decreases, with a large gap between different ratios, maxing out at Zn2GaAlOx (OVs = 58.0%). It has been reported that excess Zn tends to appear on the surface of Zn/Ga oxides and covers the surface of the oxide in an amorphous state [47]. According to XRD results, more non-stoichiometric Zn tends to be retained on the surface as an amorphous phase of ZnO when Ga/Al = 1. Thus, it is this part of the amorphous ZnO phase that produces the high oxygen vacancy concentration in Zn2GaAlOx. In addition, a broad peak at 22.6 eV is formed due to the partial overlap of Ga 3d and O 2s orbitals [48].



Figure 2d shows the XPS spectra of O 1s. Generally, O1, O2, and O3 refer to the three peaks at 530.2, 531.7, and 532.6 eV, respectively [49,50], and the O1 species are lattice oxygens from metal oxides or spinel phases. O2 and O3 are oxygen anions with less charge and chemisorbed oxygen from oxygen vacancies or surface defects, respectively [51,52]. There is a slight peak shift in O1 due to the different occupation of different lattice oxygens (the lattice energy of different lattice oxygens varies, e.g., the binding energies of the lattice oxygens of ZnO and Ga2O3 are 530.2 eV and 530.8 eV, respectively) in different samples. According to Figure 2d, as the Ga/Al ratio decreases, the oxygen vacancy O2 content decreases from 44.9% to 33.5% (Ga/Al = 1) and then increases to 47.8%. This indicates that the oxygen vacancy O2 in Zn2GaAlOx is significantly less than that in the other samples and the metal–metal interactions are weaker. According to the XRD results, it can be seen that there are two types of spinel phases, and various oxides exist in the sample at the same time when the Ga and Al doping amounts are different. When the phase occupancy is different, the nature of the oxygen vacancies in the sample, the electronic properties of the metal atoms, as well as the concentration and distribution of the oxygen vacancies also differ, which explains why the O XPS conclusions are not consistent with the Ga XPS conclusions [53]. Overall, the concentration of OVs is higher in the two-metal oxides than in the three-metal oxides, but in particular, the OVs are particularly high when Ga:Al = 3:1. Notably, the overall changes in O 1s binding energies are in opposition with those in Ga 3d, which indicates an electron transfer phenomenon from oxygen to gallium. According to previous studies, intermetallic oxide charge transfer processes affect the catalyst reactivity to some extent [54]. The interatomic charge transfer reduces the activation energy of the reaction, while the OVs provide CO2 adsorption sites, which synergistically promote the sequential hydrogenation of CO2 to methanol, thus accelerating the reaction rate [55].




2.2. Characterizations of SAPO-34 and ZSM-5


Figure S2a shows the XRD patterns of synthetic hierarchical SAPO-34 with different Si/Al ratios. With the increase in the Si/Al ratio, the intensities of the characteristic diffraction peaks of SAPO-34 molecular sieves at 2θ = 18.44°, 30.31°, 35.70°, 57.40°, and 63.04° are gradually strengthened [56], indicating a gradual improvement in the crystallinity of the molecular sieves, reaching its peak at a Si/Al ratio of 0.2. Figure S2b,c shows the XRD patterns of commercial ZSM-5 and synthetic hierarchical ZSM-5. The diffraction peaks shown at 2θ = 8°~10° and 20°~25° demonstrate that the hierarchical and commercial ZSM-5 exhibit a typical MFI structure (JCPDS 44-0003).



To further explore the morphological and microscopic features of the molecular sieves, Figure 3 shows the SEM images of the hierarchical SAPO-34 with different Si/Al ratios. According to Figure 3a–e, it is clear that with the increase in the Si/Al ratio, the crystallinity increases, while the morphology of the samples gradually changes from a lamellar structure to a standard cubic morphology. The lower the Si/Al ratio, the larger the particle size, the more uniform the particle size distribution, the more defects on the surface, and the rougher the surface, which aligns with the diminished intensity of characteristic peaks observed in the XRD spectrum of SAPO-34 at lower Si/Al ratios [57]. Commercial SAPO-34 exhibits an ortho tetrahedral structure with a very non-uniform particle size from 10 μm to 30 μm. Figure 3g,h shows the synthesized hierarchical ZSM-5 with Si/Al = 65, which is very well distributed with a larger particle size and higher crystallinity, unlike the commercial one (Figure 3i).



Figure S4 shows the NH3 temperature-programmed desorption (NH3-TPD) spectra of hierarchical SAPO-34 and ZSM-5. From Figure S4a, there is a low temperature desorption peak and a high temperature desorption peak at around 230 °C and 450 °C, respectively. Generally, the low-temperature desorption peak is attributed to the desorption of physiosorbed NH3 from the surface T-OH species (T = Si, Al, and P), indicating the presence of weak acid sites, while the high-temperature desorption peak is attributed to the desorption of NH3 from the relatively strong Brønsted acid sites (BAS) or Lewis acid sites (LAS) [58,59]. It is observed that while there is no significant variance in the weak acid sites, the acid strength and acid density of strong acid exhibit a marked increase with the increase in the silica-to-alumina ratio (SARs), progressing from 385.6 μmol/g to 764.85 μmol/g. Commercial SAPO-34 possesses more strong acid sites than the hierarchical SAPO-34 (986 μmol/g). According to Figure S4b, typically, the total acidity of ZSM-5 is usually identified as weak acid sites (<350 °C) and strong acid sites (>350 °C) [60]. For commercial ZSM-5, it is evident that the strong and weak acid sites as well as the acid densities gradually decrease with the increase in SARs. Compared with the commercial ZSM-5 with the same Si/Al ratio, the weak and strong acid peaks of the hierarchical ZSM-5 are slightly closer to the intermediate temperature, which indicates that there is a tendency for the acid sites of the hierarchical ZSM-5 to be shifted to the medium-strong level (Figure S4c).



In addition, in order to learn more about the acid properties, the IR spectra of SAPO-34 and ZSM-5 after the adsorption and desorption of ammonia and pyridine, respectively, are illustrated in Figure 4 and Figure S4. Before analyzing the NH3-IR spectra for SAPO-34, the substitution mechanism (SM) involved needs to be elucidated. Within the SAPO structure, the Brønsted acid sites (BAS) originate from charge-balancing protons generated by the substitution of silicon for the framework phosphorus or aluminum, and there are essentially two types of Si substitution mechanisms, namely, SM2 and SM3. In SM2, Si substitutes a P site of the framework, introducing a relatively weak BAS [61]. In SM3, a stronger acid site (as opposed to a single site) is formed when two adjacent Si atoms replace a pair (Al + P) to form a small Si island [62,63]. According to Figure 4, the BAS strength of SAPO-34 increases with increasing SAR, which is attributed to the fact that a majority of Si atoms are incorporated into SAPO-34, corroborating previous studies, and there appears to be no notable alteration in Lewis acid sites (LAS). The NH3-IR spectra at various temperatures reveal that the acid strength escalates with increasing SARs, and it is particularly significant that samples with SARs below 0.2 scarcely exhibit strong acid sites. The intensity and density of BAS in commercial ZSM-5 diminish markedly as the SAR increases, whereas the LAS remains unchanged. Meanwhile, in combination with the NH3-TPD results, it is evident that ZSM-5 zeolites with different SARs principally differ in terms of acid density and strength, exerting no substantial influence on acid properties (Figure S3).




2.3. Catalytic Performance


2.3.1. Effects of Metal Oxides


Figure 5 and Figure 6 present the catalytic performance of metal catalysts with different Ga/Al ratios. The liquid phase products (Figure 5) of the reaction predominantly consist of toluene, xylene, ethylbenzene, propylbenzene, and a minor fraction of C9+. An analysis of the evaluation results reveals a distinct observation: the overall activity of the catalysts exhibits an improvement with the addition of either Ga or Al metals exclusively. Specifically, the benzene conversions of ZnGaOx and ZnAlOx are marginally superior to those of other catalysts, recorded at 9.4% and 8.2%, respectively. However, the increase in benzene conversion is accompanied by a higher selectivity for the side products, indicating that ternary metal catalysts demonstrate a greater selectivity towards the target products.



Contrary to other ternary catalysts with different Ga/Al ratios, the Zn2GaAlOx catalyst exhibits a notably high selectivity for the side products toluene and xylene, reaching 26.1%, which is approximately 2.7 times higher than that observed for the Zn2Ga0.5Al1.5Ox catalyst. The boost in xylene selectivity can be attributed to the further methylation reaction of toluene. It is worth noting that due to the similar boiling points of xylene and ethylbenzene, it is vital to minimize the selectivity of xylene to make it separate at an industrial scale conveniently. Focusing only on the selectivity, the Zn2Ga0.5Al1.5Ox catalyst achieves the highest total selectivity for the target products ethylbenzene and propylbenzene, amounting to 89.2%.



In the gas phase, CO2 conversions change in tandem with benzene conversions, with CO being the primary side product, accounting for approximately 60–80%, which is produced by a reverse-water-gas-shift (RWGS) reaction (Figure 6). The remaining products are mainly C2-C4+ alkanes, which constitute 20–30% of the gas phase and are formed by the high-pressure hydrogenation of olefins in the upper layer of the reactor.



According to previous studies, textural properties such as the specific surface area of metal oxides are hardly decisive for the final reaction performance, and the specific surface area actually varies not by much for most Zn/Ga/Al oxides in Table 1 [64]. Instead, the activity and selectivity of the reaction can be safely attributed to the catalyst surface structure, which influences the catalytic performance mainly through OVs. The content of OVs determines the CO2 adsorption capacity on the surface of the metal catalyst. In brief, the CO2 adsorption capacity is determined by the moderately basic sites on the surface of the catalyst, which are the adsorption and activation sites for CO2 hydrogenation and are related to the metal–oxygen pairs. An increase in the concentration of OVs inevitably leads to an increase in the number of metal–oxygen pairs, which leads to an increase in the number of CO2 adsorption sites and a naturally high reactivity [65]. In addition, some DFT calculations have shown that oxygen vacancies contribute significantly to both the adsorption and activation of CO2 by enhancing the adsorption energy of CO2 and reducing the energy barrier of CO2 dissociation, which demonstrates that the presence of oxygen vacancies promotes the activation of CO2 kinetically. The lateral interaction of oxygen vacancies can generate divalent vacancies; once one of the two O atoms of CO2 is inserted into the surface OVs, a bent     C O   2   −     intermediate is formed, which reduces the activation energy for the decomposition of CO2 on divalent vacancies to almost half of that of a single isolated vacancy and further enhances the adsorption and activation of CO2 on oxygen vacancies to increase the reaction rate [66,67]. This explains why the total selectivity of toluene and xylene is much higher with Ga/Al = 1 than with Ga/Al = 1:3 or 3:1. According to Ga XPS, the OVs of the catalyst with Ga/Al = 1 are almost twice as high as other catalysts. Excessive oxygen vacancies in the metal catalyst for carbon dioxide activation and insufficient acid centers in SAPO-34 for methanol intermediate hydrogenation to olefins result in difficulties in continuous carbon chain growth reactions; intermediate species not consumed in situ enter the lower bed methylated with benzene at ZSM-5 to consequently form toluene. Therefore, combining the evaluation results with the catalyst characterization analysis, the OVs emerge as the primary determinant of catalytic performance, and the selective hydrogenation of CO2 to low carbon olefins requires an optimal OVs concentration; otherwise, it is prone to exacerbate the benzyl alcohol alkylation side reaction to produce toluene and xylene.




2.3.2. Effects of the Catalyst Components Ratio


Before investigating the effect of the molecular sieves’ silica-to-aluminum ratio (SAR) on the product distribution and reaction reactivity, the proportions of the components (three different catalysts mixed in one reactor) should be determined first. A series of comparative experiments were carried out with different mass ratios of metal oxides to SAPO-34 (Figure 7). The selectivity of toluene in the liquid phase products increased dramatically when the ratio of metal oxides to SAPO-34 was 5:1 and 1:5, which proved that if the ratio between the two was not moderate, the rate of methanol production from carbon dioxide on the metal oxides catalysts and the rate of the methanol to olefin (MTO) reaction in SAPO-34 could not match each other, and the side reaction of benzyl alcohol alkylation would be aggravated. The highest selectivity of the target products, 89.1%, was achieved when the metal oxides:SAPO-34 = 2:1.




2.3.3. Effects of SARs of SAPO-34


Figure 8 presents the catalytic performance of SAPO-34 with different Si/Al ratios. The results reveal a noteworthy correlation between the SAPO-34 SARs and product selectivity in the catalytic performance. It can be seen that the benzene conversions increase with increasing SARs, while the total selectivity of the target product shows a “volcano-shaped” trend as the SARs increase, peaking at Si/Al = 0.2 with a maximum value of 87%. In particular, the selectivity trends of ethylbenzene and propylbenzene diverge significantly, with ethylbenzene demonstrating a classic “volcano” curve and propylbenzene demonstrating an inverted “volcano” curve (Figure 9). This divergence not only highlights the influential role of the SARs of SAPO-34 on the liquid phase product distribution but also suggests a competitive interplay or distinct requirement for specific properties of SAPO-34 between these two target products.



The methanol to olefin reaction (MTO) is divided into the following three steps: (1) the formation of methoxy on the catalyst surface, (2) the formation of the first C-C olefinic bond, and (3) successive carbon growth. Of these, the first step is the rate-determining step, and the medium-strength Brønsted acid sites can provide stable surface methoxy into the CHA cage to produce olefins without causing olefin hydrogenation [68]. According to NH3-TPD, the acid strength and acid density of BAS exhibit a marked increase with the increase in the silica-to-alumina ratio (SAR), progressing from 385.6 μmol/g to 764.85 μmol/g. Previous works have demonstrated that the acidity not also affects the lifetime but also influences the product selectivity. A higher acidic strength and concentration would promote the occurrence of side reactions, such as oligomerization, cyclization, and aromatization [69], which can explain the dramatic increase in C9+ at SAR = 0.4. The moderate acidity of the H-SAPO-34 could hinder the secondary transformations of light olefins, therefore resulting in higher C2=–C3= selectivity [70], which also explains why the target products’ selectivity reaches a maximum at SAR = 0.2. In summary, SAPO-34 acidity markedly influences the product distribution, ethylbenzene selectivity is higher when SAPO-34 weak acid predominates, and propylbenzene selectivity can be increased by improving SAPO-34 strong acid site density. Hence, to strategically modulate the product distribution with an aim of elevating ethylbenzene selectivity, an approach towards the further passivation of SAPO-34 surface acid strength is recommended.




2.3.4. Effects of SARs of ZSM-5


Figure 10 presents the catalytic performance of commercial ZSM-5 with different Si/Al ratios. At a low Si/Al ratio, the side products are predominantly low carbon aromatics, with a notable increase in xylene being the most apparent, probably due to the cracking reactions of ethylbenzene and propylbenzene caused by the strong acid strength of ZSM-5. In addition, toluene and xylene have lower diffusion resistances due to their smaller molecular sizes, facilitating their formation and diffusion processes. This dynamic significantly enhances the phenyl methylation reaction, leading to an optimal benzene conversion. As the SARs increase, the selectivity for propylbenzene significantly increases, whereas that for ethylbenzene noticeably decreases. Given these results, along with the observed increase in propylbenzene selectivity when SAPO-34 exhibits relative strong acidity, a reasonable hypothesis is proposed: the reaction between propylene and benzene requires only weak acid sites. In this work system, the main generation sites for propylbenzene are hypothesized to be the acid sites on the surface of SAPO-34, which will be experimentally validated later. According to this assumption, the propylbenzene produced on SAPO-34 is bound to be further cracked to produce smaller molecule by-products when it enters the ZSM-5 bed with strong acid (SAR = 18), which explains the tripling of toluene and xylene selectivity in the products compared to SAR = 150, and in addition, the side reaction of olefin hydrogenation is intensified at SAR = 18, further reducing the selectivity of the products.



Furthermore, in order to eliminate the constraints of the reaction space, improve the effective utilization of active sites, and reduce the short catalyst life due to carbon deposition, hierarchical ZSM-5 with Si/Al = 65 was synthesized and introduced into the reaction (Figure 11). During the MTO reaction process or benzene alkylation, catalyst activity is very sensitive to carbon deposition and decreases rapidly as the carbon deposition increases. In general, carbon deposition can affect the activity of the catalyst in two ways: one is to cover the active sites of the molecular sieves or combine with the acid centers on the catalyst surface, ultimately leading to deactivation; the other is to deactivate the catalyst by blocking the pores on the surface, preventing the reactants from diffusing into the active sites or the products from diffusing out of the catalyst pores. It can be seen that the total selectivity of ethylbenzene and by-products (toluene, xylene) is improved through the hierarchical modification because of the smaller size and faster diffusion in the molecular sieve pores. The increase in benzene conversion is attributed to less carbon deposition and the enhanced mass transport of the hierarchical pore architecture. This modification resulted in a nearly threefold increase in benzene conversion to 16.8%, while maintaining target product selectivity at an impressive 85.1%.




2.3.5. Stability Tests


Meanwhile, stability is crucial for industrial catalysis; the catalyst stability was tested (Figure 12). After 100 h of the reaction at 400 °C, the benzene conversion remained around 15% and the target product selectivity remained above 80%, with only a slight decrease, indicating that the Zn2Ga0.5Al1.5Ox+H-SAPO-34(0.2)/H-ZSM-5(65) catalyst was highly stable.





2.4. Investigation of Propylbenzene Formation Sites


To further validate the hypothesis that “the reaction between propylene and benzene requires only weak acid sites, with the main generation sites for propylbenzene being the surface acid sites of SAPO-34,” several straightforward experiments were conducted (Figure 13).



Initially, the lower layer of ZSM-5 was removed, allowing for the introduction of benzene and CO2 into a singular bed of Zn2Ga0.5Al1.5Ox+C-S34 to undergo a reaction. The observation of liquid phase products revealed the formation of toluene, ethylbenzene, and propylbenzene on the SAPO-34 surface (the pore size of SAPO-34 is smaller than the dynamic diameter of benzene; therefore, benzene can only alkylate with intermediates like methanol/DME on the surface), with propylbenzene notably dominating. This dominance unequivocally demonstrates that propylbenzene can indeed be synthesized on the acid sites of the SAPO-34 surface and be preferentially formed on its surface. Subsequently, the experiment proceeded with a substitution of the reactants to benzene and propylene, while the catalysts were switched to equal masses of commercial SAPO-34, ZSM-5(18), and a combination of C-S34/C-Z5(18), adhering to the predetermined upper and lower mass ratio of 1:4. Observations from these three distinct systems yielded insightful results.



First, with SAPO-34 alone as the catalyst, propylbenzene accounted for over 90% of the products, further substantiating that the weak acid sites on the surface of SAPO-34 (in comparison to ZSM-5) are sufficient to support the formation of propylbenzene. Instead, when C-Z5(18) served as the only catalyst, a sharp increase in toluene and xylene was noted, indicating the instability and ease of the cracking of propylbenzene on strong acid sites. Upon employing the dual-bed system of C-S34/C-Z5(18), compared to the single C-Z5(18) layer, there was a further reduction in propylbenzene selectivity, with toluene and xylene comprising over 60% of the products. This outcome likely results from benzene and propylene almost completely reacting to form propylbenzene in the upper C-S34 layer, which then rapidly cracks into low carbon aromatics in the subsequent C-Z5 layer. Such a coupled reaction process enables a significant reduction in the selectivity for propylbenzene in the presence of a complete excess of propylene while concurrently doubling the benzene conversion.



The comprehensive analysis of the aforementioned experiments substantiates the following hypothesis: “The reaction between propylene and benzene requires only weak acid sites, with the primary generation sites for propylbenzene being the surface acid sites of SAPO-34 in this work system” (Scheme 1).





3. Materials and Methods


3.1. Source of Reagents


Samples were prepared with the following reagents. Zn(NO3)2·6H2O, Al(NO3)3·9H2O, benzene, and (NH4)2CO3 were all purchased from China Shanghai Sinopharm Chemical Reagent Co, Ltd(Shanghai, China). Ga(NO3)3·xH2O was provided by Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China). Silica sol(SiO2·H2O, 40%, Macklin, Shanghai, China), tetraethylorthosilicate (TEOS, SiO2 ≥ 28.4%, Shanghai Titan Scientific Co., Ltd. Shanghai, China), phosphoric acid (H3PO4, 85%, Shanghai Lingfeng Chemical Reagent Co., Ltd. Shanghai, China), and aluminum iso-propoxide (Al(Oi-Pr)3, 98%, TCI, Shanghai, China) were used as Si, P, and Al sources, respectively. Triethylamine (TEA, 99%, Sinopharm Chemical Reagent Co., Ltd. Shanghai, China), tetraethylammonium hydroxide (TEAOH, 25wt%, Sinopharm Chemical Reagent Co., Ltd. Shanghai, China), tetrapropylammonium hydroxide (TPAOH, 40wt%, TCI, Shanghai, China), and hexadecyltrimethoxysilane (HTS, 98%, Sinopharm Chemical Reagent Co., Ltd. Shanghai, China) were employed as OSDAs. All reagents were used as received without further purifications. Commercial ZSM-5 (Si/Al = 18, 42.5, 65, 100, 150) was purchased from the Nankai University Catalyst Plant. Mixed gas containing CO2, H2, and nitrogen (N2) was purchased from Air Liquide (China) Investment Co., Ltd. (Shanghai, China).




3.2. Synthesis


A series of Zn/Ga/Al oxides with different Zn:Ga:Al atomic ratios (2:2:0, 2:1.5:0.5, 2:1:1, 2:0.5:1.5, 2:0:2) were prepared through a coprecipitation method. Zn(NO3)2·6H2O, Al(NO3)3·9H2O, and Ga(NO3)2·xH2O were dissolved in deionized water to form a mixed salt solution. An aqueous solution of (NH4)2CO3 was simultaneously added dropwise to the mentioned salt solution under continuous stirring at 30 °C. The obtained suspension was aged for 1 h at 30 °C, and then centrifuged and washed with deionized water until neutral. Finally, the precipitate was dried at 110 °C for 12 h and calcined in air at 450 °C for 6 h. The obtained catalyst was denoted as ZnaGabAlcOx, wherein a:b:c is the molar ratio of Zn:Ga:Al.



SAPO-34 (abbreviated as S34 in the text) was synthesized using a hydrothermal method. The precursor solutions were prepared according to the following molar composition: x SiO2:0.5 Al2O3:8 TEA:0.8 TEAOH:1 P2O5:70 H2O (x = 0.025, 0.05, 0.1, 0.2, 0.4). DI water, aluminum iso-propoxide, and phosphoric acid were mixed and stirred at room temperature for 2 h. Silica sol was added, and the resulting mixture was kept stirring for 1 h, after which TEA and TEAOH were added to the solution. The mixture was stirred to obtain a uniform solution, transformed into a Teflon-lined stainless-steel autoclave, and crystallized at 200 °C for 24 h. The products were washed with deionized water several times and obtained by centrifugation, dried overnight at 80 °C, and calcined at 550 °C for 5 h. The samples synthesized with the Si/Al ratios of 0.025, 0.05, 0.1, 0.2, and 0.4 were named H-S340.025, H-S340.05, H-S340.1, H-S340.2, and H-S340.4, respectively. The commercial SAPO-34 was named C-S34.



ZSM-5 (abbreviated in the text as Z5, Si/Al = 65) molecular sieves were also prepared by hydrothermal synthesis. ZSM-5 precursor solutions were prepared according to the following molar composition: 130 SiO2:1 Al2O3:1.8 TPAOH:0.5 HTS:1250 H2O. Aluminum iso-propoxide was dissolved in DI water and stirred for 8 h. TPAOH and HTS were added as OSDAs, and the solution was stirred until clarified. This was followed by the addition of TEOS, and the mixture went through further stirring for at least 6 h to afford a homogeneous mixture. The resulting solution was transferred into stainless steel autoclaves for the hydrothermal process at 180 °C for 72 h under tumbling (60 rpm). The products were washed with deionized water several times and obtained by centrifugation, dried overnight at 80 °C, and calcined at 550 °C for 5 h. The samples synthesized were named H-Z5(65). The commercial ZSM-5 was named Z5(Si/Al = 18, 42.5, 65, 100, 150).



The hybrid catalysts in the first bed were prepared by the physical mixing of SAPO-34 and different metal catalysts at an aimed mass ratio (SAPO-34:metal oxides = 1:2), respectively.




3.3. Catalyst Characterization


The crystal structure of all samples was measured by powder X-ray diffraction (XRD), which was operated on at 100 mA and 40 kV, employing Cu/Kα (λ = 1.5418 Å) as the X-ray source. All samples were scanned at 40 kV and 40 mA in the range of 5–80°.



The surface morphology information and grain size of the samples were collected by Field-Emission scanning electron microscopy (FE-SEM) on a NOVA Nano SEM 450 (FEI, USA) setup with an accelerating voltage of 2.0 kV and transmission electron microscopy (TEM) on an FEI Tecnai G2 F30 transmission electron microscope operating at 300 kV.



The X-ray photoelectron spectroscopy (XPS) of Zn/Ga/Al oxides was carried out on a Thermo ESCALAB 250 instrument with monochromatic Al Kα radiation (1486.6 eV) as the X-ray source, calibrated internally by the carbon deposit C(1s) (Eb = 284.6 eV).



NH3-Temperature-programmed desorption (NH3-TPD) was measured by a VODO VDSorb-91i instrument in a 10% NH3-He mixture. The sample was placed in a U-shaped quartz tube, heated from room temperature to 500 °C at a rate of 20 °C/min in a helium atmosphere for 1 h to remove volatile impurities, and then cooled to room temperature to make contact with ammonia for 30 min. Prior to the record, the sample was purged by helium at 150 °C to sweep the additional NH3. At last, the TCD signal was recorded by raising the temperature to 700 °C at a rate of 10 °C/min.



Nitrogen physisorption isotherms were performed on the Micrometrics 3Flex to detect specific surface properties and pore structures. Nitrogen adsorption was performed at −196 °C using liquid nitrogen as a coolant to obtain the corresponding adsorption–desorption isotherms. The specific surface area was calculated using the Brunauer–Emmett-Teller (BET) method. The surface areas and volumes of the micropores were determined by the t-plot method, and the total pore volume was estimated in terms of the relative pressure of 0.99.



The Fourier-transform infrared spectra of the adsorbed NH3 (NH3-IR) over SAPO-34 samples were acquired on a Nicolet-iS50 spectrometer. The samples were pressed into 30 mg discs, pretreated in the apparatus at 550 °C for 1 h to remove excess impurities and moisture, and then cooled to room temperature and maintained in ammonia for 30 min for full adsorption, after which the cell was purged with pure Ar for 20 min at 150 °C/200 °C, and the profiles were recorded, respectively.



Similarly, the 2,4,6-trimethylpyridine adsorption spectrum and infrared (IR) spectra of the pyridine adsorption at 200 °C were obtained by pretreating the wafer in the same procedure, and 2,4,6-trimethylpyridine/pyridine was introduced in the form of saturated vapor. To quantify the Lewis and Brønsted acid sites, the following Equations (1) and (2), reported by Emeis, were used [71]:


    C   L   =   K   L     A   1450   =   π   I M E   C   L     (     r   2     w   )   A   1450   ,  



(1)






    C   B   =   K   L     A   1540   =   π   I M E   C   B     (     r   2     w   )   A   1540   ,  



(2)







Herein, CL and CB correspond to the quantified concentrations of the Lewis and Brønsted acid sites; A1450 and A1540 are the corrected integral areas of peaks at 1450 and 1540 cm−1 in the curve of FT-IR spectra; KL and KB are the molar extinction coefficients for Lewis and Brønsted acid sites; IMECL and IMECB equal 2.22 and 1.67 cm/μmol for Lewis and Brønsted acids, respectively; and w and r are the wafer weight and wafer radius of the disk.




3.4. Catalytic Tests


Since the different distances and spatial arrangements of the active centers between the three components (Zn/Ga/Al oxides, SAPO-34, and ZSM-5) significantly affect the distribution of the products, we have used the upper and lower beds in a tandem route for the catalytic reaction to make the reaction network simpler. All evaluations were performed in a high-pressure fixed bed reactor with 304 stainless steel tubing. Generally, 2 g catalysts with a particle size of 20–40 meshes were loaded into the upper and lower beds in a mass ratio of 1:4 (metal oxides + SAPO-34:ZSM-5), with a 2:1 mass ratio of the metal catalyst to SAPO-34 in the upper bed layer; the catalyst in each bed was mixed with double-dose quartz sand. The upper and lower beds were separated by 1 g of quartz, and the rest of the tube was also filled with quartz.



The catalyst was pre-reduced with hydrogen at 430 °C for 1 h and then cooled down to 400 °C. The reactant, where the molar ratio of H2:CO2:C6H6 was designed to be 12:4:1, with a pressure of 3.0 MPa, was introduced into the reactor to start the reaction. Unless specified, the reaction was performed at 400 °C and 3.0 MPa, with a gas hourly space velocity (GHSV) of 22,500 mL·    g   c a t   − 1    ·h−1 and a benzene weight hourly space velocity (WHSV) of 0.9 gbenzene·    g   c a t   − 1    ·h−1. The gas phase was introduced into an online chromatograph produced by Shimadzu using a TDX-02 packed column (2 m) connected to a TCD detector and a PLOT-Q capillary column (30 m) connected to an FID detector. After being cooled at room temperature through the cooling tank, the liquid products were analyzed using offline gas chromatography equipped with an FID detector connected to a DB-WAX capillary column (30 m).





4. Conclusions


A dual-bed layer system was used to couple the CO2 hydrogenation to a low-carbon olefins reaction and the benzene alkylation with an olefin reaction to achieve highly selective hydrogenation. A comprehensive investigation was conducted into the effects of acidity in SAPO-34 and ZSM-5 molecular sieves on the products distribution; it is confirmed that ZSM-5 with low Si/Al ratios and strong Brønsted acid sites are more conducive to ethylbenzene production, while SAPO-34 with strong acidity favors propylbenzene generation. Based on the careful characterization of the catalysts, a hypothesis suggesting that propylbenzene is primarily generated at the surface acid sites of SAPO-34 is proposed and validated through straightforward comparative experiments. Hierarchical modifications were applied to the molecular sieves in order to improve the catalysts’ lifespan, which resulted in a benzene conversion of 16.8% and a target product selectivity of 85%. Stability tests demonstrated that the catalysts could sustain operation under conditions of 400 °C and 3 MPa for over 100 h. This work advances the development of processes utilizing effective and stable catalysts for the conversion of carbon dioxide into high-value-added chemicals.
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Figure 1. XRD patterns of Zn/Ga/Al oxides. 
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Figure 2. XPS spectra of (a) Zn 2p, (b) Al 2p, (c) Ga 3d, and (d) O 1s orbitals. 
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Figure 3. SEM micrographs of (a–e) hierarchical SAPO-34 with different Si/Al ratios, (f) commercial SAPO-34, (g,h) hierarchical ZSM-5, and (i) commercial ZSM-5. 
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Figure 4. NH3-IR spectra of hierarchical SAPO-34 with different Si/Al ratios measured at (a) 100 °C and (b) 300 °C. 
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Figure 5. Conversions of benzene and composition of the liquid phase with different Zn/Ga/Al oxides. Reaction conditions: 400 °C, 3 MPa, H2:CO2:Benzene = 12:4:1, GHSV = 22,500 mL·    g   c a t   − 1     ·h−1, WHSV = 0.9 gbenzene·    g   c a t   − 1    ·h−1. 
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Figure 6. Conversions and traces of CO2 with different Zn/Ga/Al oxides. Reaction conditions: 400 °C, 3 MPa, H2:CO2:Benzene = 12:4:1, GHSV = 22,500 mL·    g   c a t   − 1     ·h−1, WHSV = 0.9 gbenzene·    g   c a t   − 1    ·h−1. 
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Figure 7. Conversions of benzene and composition of the liquid phase with different metal oxides to SAPO-34 ratios. Reaction conditions: 400 °C, 3 MPa, H2:CO2:Benzene = 12:4:1, GHSV = 22,500 mL·    g   c a t   − 1     ·h−1, WHSV = 0.9 gbenzene·    g   c a t   − 1    ·h−1. 
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Figure 8. Conversions of benzene and composition of the liquid phase in SAPO-34 with different Si/Al ratios. Reaction conditions: 400 °C, 3 MPa, H2:CO2:Benzene = 12:4:1, GHSV = 22,500 mL·    g   c a t   − 1     ·h−1, WHSV = 0.9 gbenzene·    g   c a t   − 1    ·h−1. 
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Figure 9. Selectivity of ethylbenzene and propylbenzene (EB and PB) in SAPO-34 with different Si/Al ratios. 
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Figure 10. Conversions of benzene and composition of the liquid phase in ZSM-5 with different Si/Al ratios. Reaction conditions: 400 °C, 3 MPa, H2:CO2:Benzene = 12:4:1, GHSV = 22,500 mL·    g   c a t   − 1     ·h−1, WHSV = 0.9 gbenzene·    g   c a t   − 1    ·h−1. 
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Figure 11. Comparison of commercial and hierarchical ZSM-5 (Si/Al = 65) in catalytic performance. Reaction conditions: 400 °C, 3 MPa, H2:CO2:Benzene = 12:4:1, GHSV = 22,500 mL·    g   c a t   − 1     ·h−1, WHSV = 0.9 gbenzene·    g   c a t   − 1    ·h−1. 
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Figure 12. Stability of the Zn2Ga0.5Al1.5Ox/H-S34(0.2) +H-Z5(65) catalyst in the reaction. Reaction condition: 400 °C, 3 MPa, H2:CO2:Benzene = 12:4:1, GHSV = 22,500 mL·    g   c a t   − 1     ·h−1, WHSV = 0.9 gbenzene·    g   c a t   − 1    ·h−1. 
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Figure 13. Effect of the series combination of catalysts on the product distribution and benzene conversion rate. 
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Scheme 1. Proposed generation sites for propylbenzene. 
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Table 1. Textural properties and bulk compositions of the metal catalysts.
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	Sample
	SBET/(m2·g−1)
	Dpore/(nm)
	Vtotal/(cm3·g−1)





	ZnGaOx
	63
	171
	0.27



	Zn2Ga1.5Al0.5Ox
	70
	136
	0.24



	Zn2GaAlOx
	92
	137
	0.24



	Zn2Ga0.5Al1.5Ox
	53
	104
	0.18



	ZnAlOx
	50
	98
	0.12
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