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Abstract

:

The development of an effective strategy for synthesizing two-dimensional MFI zeolites has attracted more and more attention. Herein, nanosheet-stacked hierarchical ZSM-5 zeolite was obtained by a seed-assisted hydrothermal synthesis route using a small amount of [C18H37-N+(CH3)2-C6H12-N+(CH3)2-C6H12]Br2 (C18-6-6Br2) as a zeolite structure-directing agent and triethylamine (TEA) as a zeolite growth modifier. By varying the molar ratio of C18-6-6Br2/TEA from 2.5/0 to 2.5/40, the morphologies and textural properties of the resultant HZ5-2.5/x catalysts were finely modulated. By increasing x from 5 to 40, the morphology of the HZ5-2.5/x changed from unilamellar assembly with narrow a–c plane to intertwined nanosheets with wide a–c plane and multilamellar nanosheets with house-of-cards morphology. The thickness of these nanosheets was almost 8–10 nm. In addition, selectivity to light olefins reached 70.7% for the HZ5-2.5/10 catalyst, which was 6.6% higher than that for CZSM-5 (64.1%). Furthermore, the MFI zeolite nanosheets exhibited better anticoking stability within the 60 h reaction time compared to conventional ZSM-5 zeolite, which could be attributed to the short diffusion path and hierarchical porosity. This work will provide valuable insights into the rational design of novel zeolite catalysts for the efficient cracking of hydrocarbons.
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1. Introduction


Light olefins, such as ethylene, propylene, and butylene, are important building blocks for the production of various polymers and other value-added chemicals [1,2]. Over the past half-century, traditional tubular steam cracking of hydrocarbons has been the main technology for the production of light olefins [3]. However, the steam cracking process has some disadvantages, such as high reaction temperature (higher than 800 °C), high amount of CO2 emission, low yield of propylene, and strict limit for the types of feedstock [4]. With the challenges of energy shortage and increasingly strict environmental protections, catalytic cracking of hydrocarbons over zeolites to produce light olefins has been considered as a promising alternative and has attracted widespread attention in the petrochemical industry [5,6].



Zeolites are crystalline aluminosilicate materials that have been widely used as catalysts in the petrochemical industry because of their tunable acidity, large surface area, unique shape selectivity, high thermal stability, and uniform micropores [7,8]. HZSM-5 zeolites are currently considered as one of the most ideal cracking catalysts [9,10]. However, the single microporosity means MFI zeolites suffer from intracrystalline diffusion limitations. This leads to some active sites being hindered from contact with bulky molecules. Coke deposition in the microporous channels can cause rapid deactivation of MFI zeolite catalysts. Thus, the activity, selectivity to light olefins, and even the lifetime of the catalysts in catalytic cracking reaction are affected [11,12,13]. Many efforts have been made to alleviate the diffusional limitations by introducing additional intracrystalline meso/macropores [14,15] or inhibiting zeolite crystal growth beyond the nanometer scale [16]. Another efficient strategy for enhancing diffusion in microporous zeolites is to reduce the length of the diffusion path in the crystal by decreasing the thickness of zeolite crystals (or framework) [17,18].



In recent years, there has been a great deal of interest in two-dimensional zeolites due to their remarkable catalytic performance in a variety of reactions [19,20] and excellent separation ability in membrane applications [21]. Notably, Ryoo’s group designed the bifunctional diquaternary ammonium-type surfactant [C22H45N(CH3)2C6H12N(CH3)2C6H13]Br2 as a structure-directing agent (SDA) to successfully prepare an MFI zeolite with nanosheet-like morphology and thickness of 2 nm along the b-axis [18]. As reduction in crystal thickness greatly facilitates diffusion and therefore dramatically suppresses catalyst deactivation through coke deposition, the MFI nanosheets exhibited a tremendously long catalytic lifetime in methanol-to-hydrocarbon catalytic conversion [18] and hydrocarbon catalytic cracking reaction [22,23]. Our previous work also demonstrated that ZSM-5 nanosheets with macro-/meso-/microporosity and highly exposed (010) crystal planes showed high activity and good anticoking stability in the catalytic cracking of n-heptane [24]. Moreover, a large number of accessible acid sites on the external surface of these zeolite nanosheets make them suitable for the catalytic conversion of large organic molecules [25]. However, it is worth noting that MFI zeolite nanosheets are synthesized using the complex and expensive organic diquaternary ammonium surfactant as SDA, which not only increases the cost of zeolites but also produces harmful gases by calcination at high temperature to remove organic templates. Therefore, the utilization of low-cost organic additives to realize effective synthesis of MFI zeolite nanosheets has important research significance.



Previous studies have demonstrated that zeolite crystal engineering is one of the most effective methods to modulate the morphology of zeolites [26,27]. Rimer and coworkers reported that the introduction of zeolite crystal growth modifiers (ZGMs), a special type of additive in the zeolite synthetic system, can control the morphology of L zeolite crystals [28]. Furthermore, Rimer’s group successfully applied this approach to tailor the crystal size and morphology of silicalite-1 [29,30] and SSZ-13 [31] zeolites. Zhang et al. reported that nanosized zeolite single crystals or hierarchical ZSM-5 nanocrystals could be generated using L-lysine as a crystal growth modifier through kinetic-modulated crystallization [32]. Song et al. developed an effective strategy to regulate the morphologies and the Ti coordination states of TS-1 zeolites using the amino acid L-carnitine as a crystal growth modifier and ethanol as a cosolvent [33]. Growth modifier molecules can interact with specific crystal surface zeolites or associate with amorphous precursors to tailor the anisotropic growth rates of zeolite crystals, thus generating zeolite crystals with well-defined size and shape.



Therefore, the fabrication of MFI zeolites with desirable morphologies, short diffusion pathway, tunable acid properties, and thus enhanced catalytic performances is a pervasive challenge in zeolite crystal engineering. Here, we report the synthesis of hierarchical ZSM-5 zeolite nanosheets with controlled crystal properties (i.e., morphology, acidity, and mesoporosity) by integrated a small amount of the Gemini quaternary ammonium surfactant C18H37-N+(CH3)2-C6H12-N+(CH3)2-C6H12]Br2 (C18-6-6Br2) as a structure-directing agent (SDA) and triethylamine (TEA) as a zeolite growth modifier (ZGM). The influence of the molar ratio of C18-6-6Br2/TEA on the resultant HZ5-2.5/x catalysts was investigated. Our results indicate that the crystal engineering strategy is a facile method for cooperative tuning of the crystal properties of MFI zeolite nanosheets that are critical to their catalytic performance, such as textural properties, morphology, and acid properties, by tuning the concentration of triethylamine growth modifiers. The benefits of hierarchical porosity and more accessible acid sites mean HZ5-2.5/10 catalysts are able to exhibit superior catalytic activity and excellent stability in the catalytic cracking of n-octane compared to conventional ZSM-5 zeolites.




2. Results and Discussion


2.1. The Crystalline Structure of the ZSM-5 Catalysts


Figure 1 shows the wide-angle X-ray diffraction (XRD) patterns of the ZSM-5 zeolite catalysts. As shown in Figure 1a, all the samples showed a typical MFI structure from the standard PDF card (JCPDS-44-0003) [34,35]. The diffraction peaks at 7.9, 8.9, 23.2, and 24.0° were assigned to the (101), (200), (501), and (303) planes of the MFI framework, respectively. No other crystalline phases or amorphous silica phases were detected, indicating that the resultant products were pure ZSM-5 crystals with high crystallinity. The HZ5-0/0 was simply a conventional microporous MFI zeolite. As shown in Figure 1b, the resulting HZ5-2.5/x samples showed broader diffraction peaks with weaker intensity than those observed for the conventional ZSM-5 sample. This XRD diffraction peak broadening phenomenon for HZ5-2.5/x samples was consistent with previously reported observations on the synthesis of nanosized ZSM-5 [36] or hierarchical ZSM-5 [37]. It is worth noting that most of the representative diffraction peaks of the HZ5-2.5/x samples corresponded to the h0l reflections of the MFI structure, indicating that MFI nanosheets preferentially grew along the a–c planes and that the thickness of the crystals along b-axis was extremely small [38,39]. The XRD results indicate that TEA plays an important role as a kind of zeolite growth modifier in the formation of sheet-like ZSM-5 crystals.



The Fourier transform infrared (FTIR) spectra of the as-prepared ZSM-5 samples and the conventional ZSM-5 are shown in Figure 2. Figure 2a shows the IR spectra of the ZSM-5 catalysts detected in the range of 2000–400 cm−1. All the samples presented the characteristic IR vibrational bands at about 540 cm−1, which were attributed to the asymmetric stretching of the five-membered ring of Si–O–Si or Si–O–Al for the ZSM-5 type zeolite [34]. The IR vibrational bands at 445, 795, 1080, and 1220 cm−1 were due to the T–O bend, external symmetric stretching, internal asymmetric stretching, and external asymmetric stretching, respectively, originating from HZSM-5 [34]. As can be seen from Figure 2b, weak IR bands at ca. 3730 and 3600 cm−1 were attributed to the vibration of OH from Si(OH) and the vibration of bridged OH in Si(OH)Al [34]. These results indicated that the amount of triethylamine addition had little effect on the ZSM-5 framework structure.




2.2. The Morphology of the ZSM-5 Catalysts


Figure 3 displays the SEM and TEM images of the as-prepared ZSM-5 zeolite samples. When the C18-6-6Br2 surfactant was absent in the synthesis of zeolite, the obtained HZ5-0/0 sample showed hexagonal plate-like morphology with an average size of 1.0 μm and a uniform thickness of about 150 nm (Figure 3A,a). However, HZ5-2.5/0 exhibited a nanocrystalline aggregate shape with a size of about 1.6 μm, which was composed of elongated needle-like crystals (Figure 3B,b). Moreover, with the increase in the TEA amount, the morphology of the HZ5-2.5/x samples varied extensively. When x was increased from 0 to 5, a significant difference could be observed for the HZ5-2.5/5 sample, which was assembled into platelet-like crystals with a very narrow a–c plane and a short dimension along the b-axis (Figure 3C,c). The crystals of HZ5-2.5/5 had an average size of 1.2 μm, and the nanosheets were about 8 nm thickness along the b-axis dimension of the MFI crystal lattice. The crystal morphology of the HZ5-2.5/10 sample was similar to that of the HZ5-2.5/5 sample with an unordered array in the form of two-dimensional lamellar MFI zeolite (Figure 3D). TEM image (Figure 3d) showed that each flower-like particle was composed of nanosheets with a thickness of 10 nm. When the x value further increased from 10 to 20, the intergrowth leaf-like morphology with well-developed a–c plane and a short dimension along the b-axis was observed for the HZ5-2.5/20 sample (Figure 3E). As shown in Figure 3e, these leaf-like particles of 1.5 μm were composed of nanosheets with a thickness of 8 nm. The ZSM-5 nanosheets were oriented along the perpendicular directions and intersected one another to form a hierarchical structure [40,41]. When the x value reaches 40, as shown in Figure 3F, the resulting HZ5-2.5/40 sample exhibited intertwined nanosheet-like particles, similar to the multilamellar MFI reported by Na et al. [18]. The crystals of HZ5-2.5/40 had an average size of 2.0 μm. In fact, the observed thick layers were composed of multilayer nanosheet stacks, and the thickness of b-axis was also about 8 nm (Figure 3f). Interestingly, this intergrowth manner of ultrathin ZSM-5 plates was similar to the case of repeated branching plates that propagated into a house-of-cards morphology [42], and the hierarchical morphology resembled self-pillared pentasil (SPP) zeolites [43]. These results demonstrated that the thickness of ZSM-5 crystals (along the b-axis) was significantly reduced to about 10 nm after adding a certain amount of C18-6-6Br2 surfactant and triethylamine to the sol–gel system. Therefore, we speculated that there may be a synergetic effect between C18-6-6Br2 and TEA growth modifiers. The morphology information from the SEM and TEM images was in good agreement with the XRD patterns. Moreover, the amount of TEA zeolite growth modifiers played an important role in adjusting the morphology of the ZSM-5 zeolite. This may be because TEA molecules have specificity for binding crystallographic surfaces and can thus regulate the anisotropic growth of ZSM-5 crystals.




2.3. The Textural Properties of the ZSM-5 Catalysts


The textural properties of the ZSM-5 samples were further analyzed by nitrogen physisorption. The nitrogen adsorption–desorption isotherms and pore size distribution of these samples are shown in Figure 4a,b, respectively. From Figure 4a, it can be seen that the as-synthesized HZ5-0/0 showed characteristic I-type isotherms, indicating that only micropores existed in the ZSM-5 zeolite. The introduction of mesoporosity upon additional C18-6-6Br2 surfactant was clearly revealed by the N2 adsorption–desorption isotherms from the transformation of the type I isotherm into type I and type IV isotherms of the HZ5-2.5/x samples, indicating that both micropores and mesopores existed in the as-synthesized ZSM-5 zeolite [44]. The adsorption phenomenon may be related to the hysteresis loop of the samples. Because the hysteresis loop had the general form of H3 type, the nanosheets may accumulate to form slit pores [45,46]. Correspondingly, the Barrett–Joyner–Halenda (BJH) model was used to estimate the mesoporous size distributions of the samples. As shown in Figure 4b, the BJH curves of the HZ5-0/0 and CZSM-5 indicated that the two samples contained only micropores. However, the HZ5-2.5/x samples showed a broad mesoporous distribution in the range of 10–50 nm, indicating that the in situ assembly of these nanosheet crystallites gave rise to abundant intercrystal mesopores within these zeolite particles [47].



The pore structural properties of the ZSM-5 samples analyzed from N2 adsorption–desorption isotherms are summarized in Table 1. As can be seen, the BET surface area (SBET) of HZ5-0/0 was the smallest at only 275 m2/g. The micropore volume (Vmicro) of the obtained HZ5-2.5/x samples was similar to CZSM-5. However, the SBET and total pore volumes (Vtol) of the obtained HZ5-2.5/x samples was larger than that of CZSM-5. Specifically, the external surface area (Sext) of the HZ5-2.5/20 sample reached 261 m2/g, which was almost 3 times that of CZSM-5 (94 m2/g). Moreover, the enhanced Sext was mainly attributed to the decrease in crystal size of the ZSM-5 zeolite. Interestingly, we observed that the Vtol of the obtained HZ5-2.5/10 sample reached 0.42 cm3/g, which was 2 times that of the micropores of CZSM-5 (0.20 cm3/g). These results demonstrate that the introduction of triethylamine could regulate the textural properties of ZSM-5 zeolites. The concept of hierarchy factor (hereafter referred to as HF) was first proposed by Pérez-Ramírez and coworkers to comprehensively describe the contribution of the pore structure to the catalytic effect [48]. Hao et al. proposed a derivation of HF (HF’) to establish the relationship between the hierarchical pores of ZSM-5 nanosheets and its catalytic performance in the n-heptane cracking reaction [22]. Therefore, the HF’ is listed in Table 1 to comprehensively compare the effect of mesopores and micropores on catalytic properties. When the x increased from 0 to 10, the HF’ increased from 1.16 to 1.73. A further increase of x from 10 to 40 resulted in HF’ decreasing from 1.73 to 1.21 (Table 1). Generally speaking, the variation of textural properties in mesoporous zeolitic materials are closely related to the assembling state of the surfactant micelle [49], crystal size, and shape of zeolite [50]. The variation of HF’ value may be related to the different assembling methods of intergrown zeolite nanosheets. This result reveals that growth modification is a highly efficient and facile method for preparing zeolites with tailored mesoporous properties.




2.4. The Formation Mechanism of Hierarchical ZSM-5 Nanosheets


The proposed formation mechanism of layered ZSM-5 zeolite is described by schematic illustrations in Figure 5. With hydrolysis of the initial synthesis gel, hydrophilic moieties, such as AlOx−, SiOx−, H2O, and C18-6-6Br2 surfactant micelles, were formed. In the early stage of crystallization, soluble silicon/aluminum monomers or oligomers agglomerated into small amorphous nanoparticles [51]. During the high temperature crystallization process, the MFI nanocrystals gradually grew under the direction of seeds and the C18-6-6Br2 structure-directing agents. Meanwhile, the hydrophobic tails of the C18-6-6Br2 surfactant inhibited growth of the zeolite crystals [18] and induced these nanoparticles to aggregate and form zeolite nanoneedles. Interestingly, it was found that at a low triethylamine growth modifier concentration, the obtained MFI layer had a narrow a–c plane and was randomly assembled to form a unilamellar structure. However, at high triethylamine growth modifier concentration, the MFI nanosheets were intertwined with a wide a–c plane. The results show that introduction of TEA can not only establish coordination with the monomer Si and Al species and the amorphous nanoparticles but also be used as an adsorbent to cover the preferential face of the crystal (i.e., the a–c plane) [33]. Under the present synthesis conditions, the MFI crystal growth in the a–c plane was favorable, which ultimately led to the formation of plate-like MFI zeolite crystals. With further increase in TEA concentration, these nanosheets were regularly stacked along the b-axis to form multilamellar assembly. The intergrowths of the zeolite nanosheets were enhanced during the crystal growth process. Subsequently, the intertwined multilamellar evolved into the house-of-cards MFI zeolite nanosheet assembly with a hierarchical structure.




2.5. The Acid Properties of ZSM-5 Catalysts


It is well known that the amount, strength, and type of acid sites in ZSM-5 zeolites play an important role in the catalytic cracking of hydrocarbons [52,53]. Therefore, NH3-TPD measurements were performed to evaluate the effect of TEA addition on the acidity of ZSM-5 catalysts [54]. As can be seen from the NH3-TPD profiles in Figure 6, two distinct NH3 desorption peaks of these zeolite samples appeared at 160 and 380 °C, which was assigned to the desorption of NH3 from weak and strong acid sites, respectively [55]. As shown in Figure 6, the temperature of NH3 desorption from the strong acid sites was higher in the HZ5-2.5/5 sample (ca. 380 °C) than in the HZ5-2.5/0 sample (ca. 355 °C), indicating stronger acid strength of the HZ5-2.5/5 sample compared to the HZ5-2.5/0 sample. Meanwhile, on the basis of the desorption peak areas of NH3, the strong acid content of HZ5-2.5/5 was evidently increased compared to HZ5-2.5/0. Comparing the acid properties of HZ5-2.5/x in Figure 6, we observed that the HZ5-2.5/5, HZ5-2.5/10, and HZ5-2.5/20 samples had similar NH3-TPD profiles, illustrating that the total acid content and acid strength were roughly the same. All the as-prepared ZSM-5 samples had comparable Si/Al molar ratio between 55 and 59 according to the XRF analysis (Table 1). This result was consistent with the comparable Si/Al molar ratio as indicated by XRF. The acidity of the above three samples were similar to that of CZSM-5. In addition, it was found that the intensity of the NH3 desorption peak around 380 °C decreased slightly as the x increased from 20 to 40, indicating that the number of strong acid sites in the HZ5-2.5/40 catalyst was less than those in the HZ5-2.5/20 catalyst. This result demonstrates that the acidity of ZSM-5 zeolites can be tuned by introducing an appropriate amount of TEA.



The type and concentration of acid sites was further investigated by Py-IR tests. Figure 7 shows the FTIR spectra of adsorbed pyridine for ZSM-5 catalysts after evacuation at 200 and 350 °C. The band at 1540 cm−1 was the result of PyH+ created by protonation on Brønsted (B) acid sites, whereas the adsorption band around 1450 cm−1 was assigned to the coordinatively bounded pyridine on Lewis (L) acid sites in the zeolite catalysts [56]. In addition, the IR band at 1490 cm−1 was associated to the vibration of the pyridinic ring on B and L acid sites [56]. As shown in Figure 6, 1540 and 1450 cm−1 bands appeared on the spectra of all the measured zeolite samples, indicating the coexistence of Brønsted and Lewis acid sites in the catalysts. Brønsted acid originates from the bridging hydroxyl group connected to tetracoordinated aluminum, while tricoordinated defect aluminum forms Lewis acid [57]. The concentrations of individual B and L acid sites of the ZSM-5 samples are shown in Table 2. Generally speaking, Brønsted acid sites have a profound influence on the catalytic activity during the hydrocarbon catalytic cracking reaction, thereby affecting product distribution [58,59]. As shown in Table 2, the concentration of total and strong Brønsted acid sites of the resultant HZ5-2.5/x samples first increased slightly with the introduction of small amounts of TEA and then decreased with further increase in the amount of TEA. Among them, the HZ5-2.5/20 sample exhibited the highest total Brønsted acid concentration (206.3 μmol/g) and strong Brønsted acid concentration (102.7 μmol/g). The density of the B acid sites decreased after the introduction of large amounts of TEA, which was in good agreement with the NH3-TPD results. Moreover, it could be clearly seen that the density of total L acid sites also gradually increased with the increase in TEA content, reached a maximum value of 24.5 μmol/g in HZ5-2.5/10, and then decreased with further increase in the amounts of TEA. At the same time, the Brønsted-to-Lewis acid site ratios (CB/CL) of the zeolite catalysts also changed. This result demonstrated that the modulation in textural properties and morphologies of the HZ5-2.5/x samples also affected their acidity.



The 27Al MAS NMR technique is a well-established tool to determine the coordination state of the aluminum species present in the zeolite sample. Figure 8 presents the 27Al MAS NMR spectra of the HZ5-2.5/x samples. All the samples exhibited a main resonance signal located at 54 ppm, which corresponded to tetrahedrally coordinated framework aluminum atoms with Brønsted acid site [60]. However, the resonance of octahedral Al (0 ppm), which relates to octahedrally coordinated extra framework Al species (EFAl), was almost absent [60]. On the basis of the 27Al MAS NMR results, we concluded that most of the aluminum species were tetrahedrally coordinated, with the Brønsted acid site mainly being responsible for the catalytic activity in cracking reactions. Therefore, the number of extra framework aluminum species with Lewis acid site was very small.



To investigate the different aluminum species in the as-prepared HZ5-2.5/x samples, the broad peak corresponding to tetrahedrally coordinated framework aluminum species was further deconvoluted into four peaks at around 49, 53, 56, and 58 ppm [60]. They were designated as Al(49), Al(53), Al(56), and Al(58), respectively (Figure S1), and the proportions of these peaks are listed in Table S1. The resonance peaks at 49, 53, and 58 ppm were related to the Al atoms located at T1 + T2 + T3, T5 + T6 + T7, T9, and T12 sites at the channel intersections, respectively [60]. The resonance peaks at 56 ppm correspond to Al atoms positioned at T4, T10, T8, and T11 sites in the straight 10-MR channels [60]. As can be seen from the results in Table S1, there were slightly differences in the proportion of as-prepared HZ5-2.5/x samples. The proportion of Al(56) roughly increased, while the proportion of Al(53) decreased with increasing TEA content. These results showed that the addition of an appropriate amount of TEA led to an increase in aluminum species located in the straight channels.





3. Catalytic Cracking of n-Octane over the As-Prepared ZSM-5 Catalysts


In the present work, the cracking of n-octane, a typical probe reaction for the cracking of naphtha, was chosen to investigate the catalytic activity and product distribution of as-synthesized hierarchical ZSM-5 zeolites. Figure 9 shows the conversion of n-octane in the catalytic cracking reaction over the ZSM-5 catalysts. As can be seen from Figure 8, the conversion for all the ZSM-5 zeolite catalysts increased gradually as the reaction temperature increased from 500 to 650 °C. Compared to conventional ZSM-5 zeolite, the as-prepared HZ5-2.5/x catalysts exhibited a higher conversion of n-octane. The results showed that the as-prepared HZ5-2.5/x catalysts had higher catalytic activity compared to CZSM-5. The conversion of n-octane for HZ5-2.5/40 at 500 °C reached 81.1%, which was 19.1% higher than that of CZSM-5, indicating that the catalytic activity was significantly improved. It is generally accepted that the amount of Brønsted acid sites of ZSM-5 catalysts plays an important role in cracking activity [61,62]. Although the concentration of Brønsted acid sites in HZ5-2.5/40 sample was much lower than that of CZSM-5, the former showed higher catalytic activity. Therefore, we think that the high activity of HZ5-2.5/40 sample may be attributed to the hierarchical zeolite nanosheets being exposed to more accessible acid sites. Similar results were reported in the literature [22,23].



Figure 10 shows the yield of light olefins in the catalytic cracking of n-octane over ZSM-5 catalysts. From Figure 9, it can be seen that the yield of light olefins over CZSM-5 showed a volcanic-like curve. It first increased with increasing temperature to a maximum of 66.2% at 600 °C and then decreased with further increase in temperature, which indicates that light olefin production is a very complicated reaction process. Previous studies have shown that the operating conditions of cracking reaction and the physicochemical properties of zeolite catalysts (acid properties, pore structure, crystal sizes) have a significant effect on light olefin production. Because light olefins are easily converted into by-products by hydrogen transfer and aromatization reactions, the yield of light olefins decreases noticeably [63]. However, the HZ5-2.5/x catalysts showed a different trend. Except for HZ5-2.5/40, the yield of light olefins for the HZ5-2.5/x catalysts increased gradually along with increasing reaction temperature. When the reaction temperature was 650 °C, HZ5-2.5/10 showed the highest light olefin yield of 70.5%, which was 6.7% higher than that of CZSM-5 (63.8%) under the same reaction conditions. Meanwhile, the yield of light olefins over HZ5-2.5/x at 650 °C first increased with increasing x value to a maximum of 10 and then decreased with further increase in x value. Among the as-prepared catalysts, the light olefin yield over HZ5-2.5/10 catalyst was the highest, mainly because of the higher hierarchy factor. The results showed that the hierarchy factor of ZSM-5 catalysts played an important role in obtaining high yield of light olefins during n-octane catalytic cracking.



The selectivity to light olefins over the as-prepared HZ5-2.5/x catalysts at 650 °C is displayed in Figure 11, with the values for CZSM-5 also included as reference. As shown in Figure 11, the maximum selectivity to light olefins reached 70.7% over the HZ5-2.5/10 catalyst, which was 6.6% higher than that for CZSM-5 (64.1%) under the same reaction conditions. Compared to the CZSM-5 catalyst, HZ5-2.5/10 with ultrathin plates could significantly shorten the path length of the microporous channel, resulting in shorter residence time of light olefin molecules in the channel and thus achieving higher light olefin selectivity. As can be seen from the reaction results in Figure 11, the selectivity of light olefins over HZ5-2.5/x catalysts also showed a volcanic-like curve, first increasing with increasing x value and then decreasing with further increase in x value. Interestingly, we observed that the changing trend of light olefin selectivity was consistent with that of the HF’ value of HZ5-2.5/x catalysts (Table 1). Considering that the average crystal b-axis thickness for HZ5-2.5/5, HZ5-2.5/10, HZ5-2.5/20, and HZ5-2.5/40 was similar (~8 nm), plates thickness was not taken as a factor affecting the selectivity of light olefins in this work. In addition, the selectivity of light olefins had little correlation with the acidity of the catalyst. Therefore, the possible reason for the higher light olefin selectivity for the HZ5-2.5/10 catalyst could be explained by the presence of a proper mesopores, which suppressed the secondary side reactions and consequently improved selectivity to light olefins.



ZSM-5 zeolites are active for hydrocarbon cracking into light olefins, but they have the disadvantage of fast deactivation. Therefore, a ZSM-5 with long lifetime, high activity, and anticoking stability has become the focus of industrial application. The prepared HZ5-2.5/10 and HZ5-2.5/40 catalysts were used to test stability, with CZSM-5 also included as reference. Changes in the conversion and yield of light olefins were examined along with the time on stream, and the stability evaluation results are shown in Figure 12. From Figure 12a, it can be seen that the n-octane conversion for both HZ5-2.5/10 and HZ5-2.5/40 catalysts was maintained at >96% during the 60 h reaction time, while n-octane conversion for CZSM-5 dropped sharply from 94.1 to 52.8%, with a reduction of 41.3% after 60 h on stream, suggesting that hierarchical HZ5-2.5/10 and HZ5-2.5/40 possessed higher initial activity and better stability than CZSM-5. As shown in Figure 12b, the light olefins yields of the HZ5-2.5/10 and HZ5-2.5/40 samples were maintained at >66 and >64%, respectively, during the 60 h reaction time, while the light olefin yield of CZSM-5 dropped rapidly from 62.6 to 38.5%, suggesting that the hierarchical zeolite had good anticoking stability, whereas CZSM-5 deactivated rapidly. Compared with CZSM-5, the enhanced catalytic stability of HZ5-2.5/10 and HZ5-2.5/40 could be attributed to the remarkably reduced diffusion lengths, which dramatically suppressed catalyst deactivation through coke deposition.



The coke contents of the spent HZ5-2.5/10, HZ5-2.5/40, and CZSM-5 catalysts were further determined by thermogravimetric analysis (Figure 13). Because the mass loss before 400 °C was due to the undesorbed products and the mass loss after 400 °C was attributed to coke, the coke contents of the spent HZ5-2.5/10, HZ5-2.5/40, and CZSM-5 catalysts were calculated according to the weight loss above 400 °C [35]. As shown in Figure 13, the coke content in the spent CZSM-5 catalyst was 10.3 wt%, which was 1.61-fold and 1.54-fold the content of the HZ5-2.5/10 (6.4 wt%) and HZ5-2.5/40 (6.7 wt%) catalysts, respectively. Therefore, the CZSM-5 catalyst exhibited poor catalytic stability. This was due to the diffusion resistance of the micropores, which resulted in much faster formation of coke than the hierarchical zeolites. The mesopores of the HZ5-2.5/10 and HZ5-2.5/40 catalysts were favorable for the diffusion of coke precursors out of the pores, which resulted in a reduction in coke content and thus improved stability.




4. Materials and Methods


4.1. Chemicals and Reagents


Tetraethyl orthosilicate (TEOS, >98%), triethylamine (TEA, >98%), aluminum isopropoxide (AIP, 98%), sodium hydroxide (NaOH, >96%), and ammonium chloride (NH4Cl, 99%) were supplied by Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. 1-Bromooctadecane (C18H37Br, 97%), 1-bromohexane (C6H13Br, 99%), and N,N,N,N,-tetramethyl-1,6-diaminohexane (C10H26N2, 99%) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China. Diethyl ether (C4H10O, 99%), toluene (C7H8, 98%), and acetonitrile (C2H3N, 99%) were purchased by Shanghai Chemical Co., Ltd., Shanghai, China. Deionized (DI) water was used throughout the experiment. The commercial ZSM-5 zeolite (CZSM-5) was provided by the catalyst plant of Nankai University, China. All chemicals and reagents were supplied by commercial suppliers and used without further purification.




4.2. Synthesis of Hierarchical Layered ZSM-5


A series of ZSM-5 zeolite samples were hydrothermally synthesized using the quaternary ammonium surfactant [C18H37-N+(CH3)2-C6H12-N+(CH3)2-C6H12]Br2 (denoted as C18-6-6Br2) as the structure-directing agent (SDA), triethylamine (denoted as TEA) as the zeolite growth modifier (ZGM), and tetraethyl orthosilicate (TEOS) and aluminum isopropoxide (AIP) as the silicon and aluminum sources, respectively. The organic surfactant C18-6-6Br2 was synthesized based on the modified procedure in a previous report by Ryoo and coworkers [18]. The impact of TEA on the formation of ZSM-5 zeolites was studied using the following molar composition: 7.5 Na2O, 1 Al2O3, 125 SiO2, 2.5 C18-6-6Br2, 4000 H2O, and x TEA. The molar ratios of C18-6-6Br2/TEA were 2.5/0, 2.5/5, 2.5/10, 2.5/20, and 2.5/40, respectively. The as-obtained ZSM-5 zeolite samples were named after the C18-6-6Br2/TEA ratio as follows: HZ5-2.5/0, HZ5-2.5/5, HZ5-2.5/10, HZ5-2.5/20, and HZ5-2.5/40.



In a typical synthesis, 0.3 g of NaOH was dissolved in 6.0 mL of deionized water, followed by addition of 0.8376 g C18-6-6Br2 and stirring for 4 h at 40 °C to obtain the homogeneous solution A. Solution B was prepared by adding 0.2 g AIP, 13.0 g TEOS, and a certain amount of TEA in 30.0 mL deionized water and stirring for 4 h at 40 °C. Afterwards, solution A was slowly dropped into solution B and vigorously stirred for another 12 h at 60 °C. Then, 0.15 g ZSM-5 seeds was added to the above mixture and vigorously stirred for 0.5 h. The obtained suspension was transferred into a Teflon-lined autoclave, and crystallization of zeolites was conducted at 175 °C for 72 h. After that, the obtained sample was washed repeatedly with DI water and filtered. Then, it was successively dried at 100 °C for 12 h. To remove the organic contents, the obtained filter cakes were calcinated at 600 °C in air in a static muffle furnace for 6 h. To obtain the H-type ZSM-5 samples, ion exchange was processed three times in aqueous NH4Cl solution (1 mol/L, m(liquid)/m(solid) = 30) under stirring at 80 °C for 4 h, followed by calcination at 600 °C in air for 4 h. For comparison, a conventional ZSM-5 sample was prepared by a similar procedure but without the addition of the diquaternary ammonium surfactant C18-6-6Br2 and the zeolite growth modifier TEA. The obtained product was referred to as HZ5-0/0.




4.3. Catalyst Characterization


X-ray diffraction (XRD) patterns were recorded with a RIGAKU Ultima IV (Tokyo, Japan) powder diffractometer equipped with a Cu Kα (λ = 0.15406 nm) in the range of 5–50° with a scan rate of 5°/min. Fourier transform infrared (FTIR) spectra were recorded on a Bruker VERTEX 80 (Billerica, MA, USA) in the range of 4000–400 cm−1. The FTIR spectrometer was equipped with a mercury cadmium telluride (MCT) detector. A total of 64 scans were averaged for each spectrum. XRF (X-ray fluorescence) spectrum was recorded by a Thermo Scientific ARL ADVANT’X InliPower (Waltham, MA, USA) to determine the real percentage of Si and Al loading on the ZSM-5 zeolites. Scanning electron microscopy (SEM) images were recorded on a HITACHI FE-SEM SU8000 (Tokyo, Japan) instrument to visualize the morphologies of ZSM-5 zeolites. Transmission electron microscopy (TEM) pictures were taken on a FEI Talos F200X (Waltham, MA, USA) with an acceleration voltage of 200 kV. N2 adsorption–desorption isotherms of the samples were measured at liquid nitrogen temperature (−196 °C) with a volumetric Micromeritics TriStarII 3020 (Atlanta, GA, USA) instrument. Prior to the adsorption measurement, all the samples were degassed at 90 °C under vacuum for 1 h, then heated up to 350 °C outgas for 4 h under 1 × 10−4 Pa. The specific surface area was calculated from the adsorption data obtained at P/P0 between 0.05 and 0.20 using the Brunauer–Emmett–Teller (BET) equation. The total pore volume was derived from the nitrogen amount adsorbed at a relative pressure of 0.95. The external surface area and micropore volume were evaluated by the t-plot method. The mesopore volume and pore size distribution were evaluated by the Barrett–Joyner–Halenda (BJH) method on the adsorption branch of the isotherm. Temperature-programmed desorption of ammonia (NH3-TPD) profiles were recorded with a Micromeritics AutoChem II 2920 (Atlanta, GA, USA) chemisorption apparatus. Samples (ca. 100 mg) were charged in a quartz tubular reactor and pretreated at 600 °C under He flow for 1 h and then cooled to 100 °C. NH3 adsorption was carried out at 100 °C for 0.5 h. Then, He stream was fed in until a constant TCD signal was obtained, and the physisorbed ammonia was removed by flowing He at 100 °C for 1 h. The remaining chemically adsorbed ammonia was determined by increasing the temperature up to 600 °C with a heating rate of 10 °C/min, and the signal of desorbed NH3 was simultaneously monitored by a thermal conductivity detector (TCD). Pyridine adsorption infrared spectra (Py-IR) were recorded on a Bruker Tensor 27 FTIR (Billerica, MA, USA) spectrometer. Prior to FTIR studies, the samples (ca. 10 mg) were pressed into a self-supported wafer in the absence of any binder and treated directly in an in situ IR cell at 450 °C under vacuum conditions for 2 h, which allowed residual pressure below 10−3 Pa to be obtained. Adsorption of pyridine proceeded at 25 °C, followed by desorption at 200 and 350 °C. The total concentration of the Brønsted acid sites (CB) and the Lewis acid sites (CL) in the samples was determined in quantitative IR studies of pyridine sorption according to the procedure described in a previous paper [34]. The solid-state 27Al MAS NMR experiments were recorded on a Bruker Avance III 600M apparatus (Billerica, MA, USA). 27Al MAS NMR spectra were collected at a resonance frequency of 130.32 MHz with a sample-spinning rate of 14 kHz, pulse-width of 1.0 µs, and recycling delay of 500 ms. Hydrated Al(NO3)3 powder was used as an external reference. Thermogravimetric analysis was performed on a NETZSCH-Gerätebau GmbH STA449F5 Jupiter TGA/DSC instrument (Selb, Germany) to determine the total amount of coke. The experiment was carried out with about 10 mg coked catalyst under an 80 mL/min air flow, and the ramp rate was 10 °C/min.




4.4. Catalytic Activity Measurement


Catalytic cracking of n-octane was used as a model reaction to test the catalysts. The n-octane cracking reaction was carried out in a continuous-flow fixed-bed tubular quartz reactor (10 mm i.d.) under atmospheric pressure. In a typical run, 500 mg of the catalyst sample was placed in the fixed-bed reactor and activated in flowing N2 at 600 °C for 1 h prior to the reaction. Then, N2 (100 mL/min) acting as the carrier gas delivered the n-octane into the catalyst bed. The reaction temperature and the weight hourly space velocity (WHSV) were 500–650 °C and 2.8 h−1, respectively. The reaction products were analyzed online by an Agilent GC-7890B gas chromatograph equipped with an FID detector with an HP-PLOT/Al2O3 capillary column (50 m, 0.32 mm, 8 μm) and an HP-INOWax column (30 m, 0.32 mm, 0.5μm). The products were grouped into the following lumps: dry gas, such as CH4 plus C2H6; light olefins, such as C2H4 and C3H6; paraffins, such as C3H8 and C4H10; BTX aromatics, including benzene, toluene, and xylenes; and C5+ aliphatics (olefins and paraffins). The n-octane conversion (X), selectivity for products (S), and product yield (Y) were calculated by the following formulas:


  X =   m   (  C 8   H  18   )   in   − m   (  C 8   H  18   )   out     m   (  C 8   H  1 8   )   in     × 100 %    



(1)






  S =   m  C x   H y     ∑  m (  C i   H j  )     × 100 %    



(2)






  Y = S × X  



(3)




where m(C8H18)in and m(C8H18)out are the mass fraction of n-octane before and after the reaction, m(CxHy) is the mass fraction of products, and ∑m (CiHj) is the sum of the mass fraction of products.





5. Conclusions


In summary, we developed a facile strategy to synthesize nanosheet-stacked hierarchical ZSM-5 zeolites. During the hydrothermal synthesis process, a small amount of the Gemini quaternary ammonium surfactant [C18H37-N+(CH3)2-C6H12-N+(CH3)2-C6H12]Br2 (C18-6-6Br2) was used as a zeolite structure-directing agent, while triethylamine (TEA) was used as a zeolite growth modifier. The former played an important role in the formation of MFI frameworks and mesopores, while the latter played a key role in the generation of two-dimensional zeolite nanosheets. In addition, we investigated the effects of the amount of TEA on the physicochemical properties of ZSM-5 zeolites. The results demonstrated that the morphology of the as-obtained HZ5-2.5/x sample changed from elongated needles to unilamellar nanosheets, intertwined nanosheets, and then house-of-cards nanosheets by tuning the molar ratio of C18-6-6Br2/TEA from 2.5/0 to 2.5/40. The derivation of hierarchy factor (HF’) increased to reach a maximum of 1.73 and then decreased with further increase in x value, indicating a systematic tailoring of the mesoporosity with TEA concentration. The varying Brønsted-to-Lewis acid site ratios suggested that the adjustment in textural properties and morphologies of the catalysts also affected their acidity. The HZ5-2.5/10 zeolite showed superior catalytic activity and stability for the catalytic cracking of n-octane, which could be attributed to the enriched accessible acid sites and hierarchical porosity caused by the unique nanosheet-like morphology. This synthesis strategy may bring new opportunities to develop more efficient nanoporous materials with improved performance for a range of important catalytic applications.
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Figure 1. XRD patterns of the ZSM-5 zelite samples were detected in the range of 5–50° (a) and 22.5–25° (b), respectively. 
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Figure 2. FTIR spectra of the ZSM-5 samples were detected in the range of 2000−400 cm−1 (a) and 4000−3500 cm−1 (b), respectively. 
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Figure 3. SEM and TEM images of the ZSM-5 zeolite samples. (A,a) HZ5-0/0, (B,b) HZ5-2.5/0, (C,c) HZ5-2.5/5, (D,d) HZ5-2.5/10, (E,e) HZ5-2.5/20, and (F,f) HZ5-2.5/40. 
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Figure 4. N2 adsorption–desorption isotherms (a) and the corresponding BJH pore size distribution of the as-prepared ZSM-5 samples (b). 
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Figure 5. Graphic illustration of the formation of hierarchical ZSM-5 nanosheets in hydrothermal crystallization with different amounts of triethylamine addition. 
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Figure 6. NH3−TPD profiles of the as-prepared ZSM-5 samples. 
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Figure 7. FTIR spectra of adsorbed pyridine for the ZSM-5 samples after being degassed at 200 and 350 °C. 
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Figure 8. 27Al NMR spectra of the as−prepared ZSM-5 samples. 
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Figure 9. Conversion of n-octane cracking over different ZSM-5 catalysts. 
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Figure 10. Yield of light olefins (C2= + C3= +C4=) over different ZSM-5 catalysts. 
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Figure 11. Selectivity of light olefins (C2= + C3= +C4=) over different ZSM-5 catalysts. Reaction conditions: 0.5 g catalyst, WHSV = 2.8 h−1, 650 °C. 
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Figure 12. The n-octane conversion (a) and yield of light olefins (b) with time on stream in the catalytic cracking of n-octane over different catalysts. Reaction conditions: 0.5 g catalyst, WHSV = 2.8 h−1, 600 °C. 






Figure 12. The n-octane conversion (a) and yield of light olefins (b) with time on stream in the catalytic cracking of n-octane over different catalysts. Reaction conditions: 0.5 g catalyst, WHSV = 2.8 h−1, 600 °C.



[image: Catalysts 12 00351 g012]







[image: Catalysts 12 00351 g013 550] 





Figure 13. Thermogravimetric analysis results of the spent HZ5-2.5/10, HZ5-2.5/40, and CZSM-5 catalysts after 60 h reaction time. 






Figure 13. Thermogravimetric analysis results of the spent HZ5-2.5/10, HZ5-2.5/40, and CZSM-5 catalysts after 60 h reaction time.



[image: Catalysts 12 00351 g013]







[image: Table] 





Table 1. Si/Al ratio and textural properties of the as-prepared ZSM-5 samples.






Table 1. Si/Al ratio and textural properties of the as-prepared ZSM-5 samples.





	Samples
	Si/Al 1
	SBET(m2/g) 2
	Sext(m2/g) 3
	Vtol(cm3/g) 4
	Vmicro(cm3/g) 5
	HF’ 6





	HZ5-0/0
	-
	275
	128
	0.11
	0.08
	0.19



	HZ5-2.5/0
	55
	421
	222
	0.32
	0.10
	1.16



	HZ5-2.5/5
	57
	416
	222
	0.42
	0.10
	1.71



	HZ5-2.5/10
	59
	412
	219
	0.42
	0.10
	1.73



	HZ5-2.5/20
	56
	447
	261
	0.38
	0.10
	1.68



	HZ5-2.5/40
	57
	432
	208
	0.41
	0.12
	1.21



	CZSM-5
	48
	320
	94
	0.20
	0.10
	0.29







1 Si/Al was determined by XRF; 2 SBET was determined by BET equation; 3 Sext is the external specific surface area calculated by the t-plot method; 4 Vtol was calculated by the BJH method; 5 Vmicro was calculated by the t-plot method; 6 HF’ = (VMeso/VMicro) × (Sext/SBET).
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Table 2. Py-IR characterization results of the as-prepared ZSM-5 samples.
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Samples

	
Concentration of B Acid Sites (μmol/g)

	
Concentration of L Acid Sites (μmol/g)

	
CB/CL




	
Weak and Med. (200 °C)

	
Strong (350 °C)

	
Total

	
Weak and Med. (200 °C)

	
Strong (350 °C)

	
Total






	
HZ5-2.5/0

	
82.3

	
75.9

	
158.2

	
6.4

	
4.6

	
11.0

	
14.4




	
HZ5-2.5/5

	
81.4

	
80.7

	
162.1

	
9.5

	
6.3

	
15.8

	
10.2




	
HZ5-2.5/10

	
84.6

	
78.6

	
163.2

	
16.9

	
7.6

	
24.5

	
6.7




	
HZ5-2.5/20

	
103.6

	
102.7

	
206.3

	
13.9

	
9.9

	
23.8

	
8.7




	
HZ5-2.5/40

	
62.0

	
54.3

	
116.3

	
6.2

	
4.8

	
11.0

	
10.6




	
CZSM-5

	
105.0

	
99.3

	
204.3

	
8.6

	
4.4

	
13.0

	
15.7
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