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Abstract

:

The alkylation of benzene with methanol can effectively generate high-value-added toluene and xylene out of surplus benzene, which is now achieved primarily using solid acids like H-ZSM-5 zeolites as catalysts. In this work, two H-ZSM-5 samples with distinct framework aluminum (AlF) distributions, but otherwise quite similar textural and acidic properties, have been prepared by employing tetrapropylammonium hydroxide (TPAOH) and n-butylamine (NBA) as organic structure-directing agents (OSDAs). Systematical investigations demonstrate that AlF is preferentially located at the intersections in MFI topology when TPAOH is adopted. In contrast, less AlF is positioned therein as NBA is utilized. Density functional theory (DFT) calculations reveal that the transition-state complexes cannot be formed in the straight and sinusoidal channels due to their much smaller sizes than the dynamic diameters of transition states, whereas there are adequate spaces for the formation of transition states at the intersections. Benefitting from abundant AlF at the intersections, which provides more acid sites therein, H-ZSM-5 synthesized from TPAOH is more active relative to the counterpart obtained from NBA. At a WHSV of 4 h−1 and 400 °C, the former catalyst gives a 52.8% conversion, while the latter one affords a 45.9% conversion. Both catalysts display close total selectivity towards toluene and xylene (ca. 84%). This study provides an efficient way to regulate the distribution of acid sites, thereby enhancing the catalytic performance of H-ZSM-5 zeolite in the titled reaction.
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1. Introduction


Benzene, toluene and xylene are very important chemical raw materials, which are extensively utilized in the production of organic solvents, gasoline octane number adjusting additives, vitamins and drugs [1,2,3]. In recent years, with the upgrading of gasoline quality, benzene, which was previously allowed to add into gasoline, has been greatly limited, resulting in a severe surplus, and concurrently, its price has witnessed a steep drop. However, the added values of toluene and xylene, as homologues of benzene, have kept growing steadily because of their reduced toxicity and wide usages in the manufacture of chemical intermediates, fine chemicals and polymers. Hence, the alkylation of benzene with methanol is a promising way to make better use of the surplus benzene, which has advantages such as mild operation conditions and an abundant source of methanol. This process can also seek a new way out for the current aromatic market [4,5,6,7,8,9,10,11,12].



It is generally accepted that benzene alkylation with methanol is catalyzed by Brønsted acid sites (BASs) from solid acid catalysts [13,14]; particularly, H-ZSM-5 zeolites are considered an excellent catalyst, owing to its unique acidity and pore structure. Previous research has confirmed that the reaction can proceed via two mechanisms, namely the stepwise mechanism and the concert mechanism, according to both experimental and theoretical work [15,16]. In the stepwise mechanism (Figure S1), methanol is firstly adsorbed on a BAS to be protonated into CH3OH2+, which is further dehydrated to obtain a methyl moiety bounced on the framework oxygen of the zeolite, i.e., the formation of surface-bonded methoxy group from methanol adsorption [17,18,19,20]. A benzene molecule then enters into the zeolite channel, which is adsorbed neighboring to the methoxy group. Thereafter, a methyl-benzene complex regarded as the transition state is encountered for the addition of the methoxy group to benzene [14,18]. A protonated toluene cation is subsequently attained when the energy barrier is overcome, whose back-donating a proton to the zeolite framework brings about the generation of a toluene molecule. For the concerted pathway (Figure S1), the dehydration of CH3OH2+ and the attack from the methyl group on the benzene molecule simultaneously happen, leading to a transition state in the form of H2O-CH3-C6H6, while other elementary reactions are close to the stepwise ones [14,18]. It is rather difficult to quantitively distinguish the relative contributions of two mechanisms; consequently, the real reaction is possibly a combination of the above-mentioned two pathways. Apart from the main reaction, side reactions, including methanol to olefins (MTO), isomerization and methyl-transfer reaction, will also exist in the system, particularly for MTO, which gives rise to the generation of C1–C5 hydrocarbons and whose extent can be enhanced by higher acid density and sluggish diffusion [21].



It is generally considered that low acid density, hierarchical pores and small particle size of H-ZSM-5 zeolites are conducive to avoiding MTO reactions, reducing the by-product ethylbenzene (as a product via the alkylation of benzene with ethylene) and improving catalytic activity [8,22,23,24]. By far, properties including but not limited to morphology, Si/Al ratio and structure (core-shell, etc.) of the H-ZSM-5 zeolite have been deliberately explored to establish their relationships with the catalytic performances [8,25,26], yet there are other parameters of the H-ZSM-5 zeolite (surface area, crystal size, Al spatial distribution) that could exert significant influences on the catalytic behavior of H-ZSM-5 in the alkylation of benzene with methanol.



Numerous studies have shown that the distribution of Al atoms in the zeolite framework is not random but determined by the interaction between organic structural-directing agents (OSDAs) and zeolites [27,28,29,30]. Al sitting variations can be achieved by changing OSDAs, altering the gel composition, and adjusting the feeding sequence, etc. [30,31,32,33,34,35,36], which then determine the reaction path or carbon deposition rate, finally affecting the catalytic performance. Accordingly, Brønsted acid sites derived from framework aluminum (AlF) of H-ZSM-5 can be divided into three types according to their exact locations, i.e., in the straight channels, sinusoidal channels and intersections. Although these three types of BASs can all be deemed as active sites, the adsorption enthalpy and entropy may be rather distinct due to the steric hindrances considering the different sizes between channels and intersections (5.1 × 5.5 Å for sinusoidal channels, 5.3 × 5.6 Å for straight channels and ca. 9 Å for intersection cavity). In particular, the steric constraints of bulky transition states can be more prominent for those acid sites located in the straight and sinusoidal channels. In consequence, previous reports have demonstrated significant differences in the catalytic performances of ethane and ethylene aromatization, MTO and 1-octene cracking reactions catalyzed by H-ZSM-5 with AlF concentrated in intersections or channels [37,38,39]. Wang et al. found that the location of AlF in H-ZSM-5 could influence catalytic performance in the alkylation of benzene with methanol, and they attributed this phenomenon to the co-adsorption effect of benzene and methanol when AlF was located at intersections [40]. However, the chemical environment of AlF at different locations is also believed to be capable of altering the host–guest interaction between the transition state and the H-ZSM-5 zeolite framework, thus determining catalytic properties. On the one hand, the implementation of the above catalyst preparation will often introduce other variables aside from the aluminum location, thereby affecting the accuracy of the results. On the other hand, the function of Al sittings on the catalytic performance of H-ZSM-5 in the alkylation of benzene with methanol is still far from sufficient understanding.



In this work, to study the influence of AlF distribution on benzene alkylation with methanol from a mechanistic perspective, two H-ZSM-5 samples possessing very similar textural and acidic properties were synthesized utilizing tetrapropylammonium hydroxide and n-butylamine as OSDAs (i.e., templates). This work unveils that the acid sites (derived from AlF) located in the straight and sinusoidal channels are not as active as those at the intersections due to a confined effect, i.e., the smaller spaces of the channels on the transition states as demonstrated by DFT calculations, which provides a new insight into the structure–activity relationship on the titled reaction.




2. Results and Discussion


2.1. Structural and Textural Properties


As shown in Figure 1, XRD patterns of both Z5-NBA and Z5-TPA exhibit typical diffraction peaks at 8.0°, 8.9°, 9.1°, 23.1°, 23.3°, 23.7°, 24.0° and 24.4° out of the (101), (020), (111), (332), (051), (151), (303) and (133) crystal planes in MFI topology (PDF #44-0003), respectively, indicating the successful formation of the H-ZSM-5 zeolite without detectable impurities [41,42]. The relative crystallinity was calculated by integrating the areas of diffraction peaks within 22.5−25°, and the sum of the areas for Z5-NBA was set as 100% for reference. As listed in Table 1, the XRD crystallinity of Z5-TPA and Z5-NBA was 105% and 100%, respectively. The close crystallinity suggests that both TPA+ and NBA OSDAs are capable of generating H-ZSM-5 zeolites with high crystallinity.



The SEM images for Z5-TPA and Z5-NBA are displayed in Figure 2. Both Z5-TPA and Z5-NBA zeolites are composed of spherical particles with diameters of around 3 μm for Z5-TPA and 2.6 μm for Z5-NBA (Figure 2a,c). The high-resolution micrographs (Figure 2b,d) evidence that the two samples are constructed by strip-like crystals of ~350 nm in length and ~100 nm in width for Z5-TPA and ~460 nm in length and ~120 nm in width for Z5-NBA with smooth surfaces. The SEM result demonstrates that both Z5-TPA and Z5-NBA zeolites have the same morphology and similar particle and crystal sizes.



As shown in Table 1, both Z5-TPA and Z5-NBA samples possess similar BET surface areas (ca. 395 m2/g) and micropore surface areas (ca. 360 m2/g). The total pore volumes (0.27 cm3/g) and micropore volumes (0.17 cm3/g) are the same for both samples. The Si/Al molar ratios measured by XRF are close for both zeolites (151 vs. 149), which are equivalent to those of the initial gels (150). These observations confirm that both Z5-TPA and Z5-NBA display very similar textural properties and chemical compositions.




2.2. Acidic Properties


Acidity is an important property of zeolites, which is directly related to the Si/Al ratio. The surface acidity of H-ZSM-5 samples was determined by NH3-TPD (Figure 3). As shown on the NH3-TPD curves, both Z5-TPA and Z5-NBA have two distinctive desorption peaks at 185 °C and 376 °C, which are attributed to the desorption of NH3 molecules that interact with the weak acids and strong acids, respectively [43,44]. Judging from the peak temperature, the acid strength of Z5-TPA is the same as that of Z5-NBA. The quantitative results listed in Table 2 indicate that both Z5-TPA and Z5-NBA possess quite similar amounts of weak acid sites (59 vs. 60 μmol/g), strong acid sites (70 vs. 70 μmol/g) and total acid sites (129 vs. 130 μmol/g). This finding is a consequence of the close Si/Al ratio for two samples.



Considering that NH3-TPD cannot distinguish the type of acid sites, Py-IR experiments were also carried out to determine the amounts of Brønsted acid sites (BASs) and Lewis acid sites (LASs), as well as the distribution of Brønsted acid strength. On the Py-IR spectra (Figure 4), the peak at 1455 cm−1 is attributed to pyridine adsorbed on LASs, whereas the 1541 cm−1 band is assigned to pyridine adsorbed on BASs [45,46]. Furthermore, the peak at 1489 cm−1 is caused by pyridine adsorbed on both BASs and LASs [47]. The quantitative results are summarized in Table 2, in which the total acidity is measured at 200 °C. For the two samples, the amounts of BAS and LAS are the same. Brønsted acid sites account for the majority of the overall acid sites with a ratio of Brønsted acidity to Lewis acidity of 4.6. Moreover, the proportions of weak, medium and strong BAS amounts among the total Brønsted acidity are the same for both Z5-TPA and Z5-NBA samples, indicating that they have the same distribution across the Brønsted acid strength.



Cumene cracking is a typical reaction catalyzed by Brønsted acid sites [48,49]. As shown in Table 2, the cumene conversion over the two samples is very close, which is 33.9% for Z5-TPA and 33.6% for Z5-NBA. This observation demonstrates very similar Brønsted acidity of the two samples, which is consistent with the result of Py-IR. The above results demonstrate that both Z5-TPA and Z5-NBA display very close acidic properties, including the acid amount, acid strength, acid type and the strength distribution of BAS.




2.3. 29Si and 27Al MAS NMR, Constraint Index


As the textural properties, composition, morphology and acidic properties of Z5-NBA and Z5-TPA are almost identical, solid-state MAS NMR measurements were carried out to investigate the chemical environments of Si and Al. The 29Si MAS NMR spectra illustrated in Figure 5 show closely similar features, and four sub-peaks are fitted from the origin curve at approximately −103, −107, −113 and −116 ppm, respectively. Two peaks of −113 and −116 ppm are attributed to symmetric and slightly asymmetric Q4(0Al) = Si(OSi)4-type silicon connecting to four Si tetrahedrons in the H-ZSM-5 framework [37,50]. The peak at −107 ppm in the fitting curve is assigned to Q4(1Al) = Si(OSi)3(OAl)-type silicon linking to one Al tetrahedron and three Si tetrahedrons in the H-ZSM-5 framework [51,52,53]. The peak centered at −103 ppm is associated with Q3(0Al) = Si(OSi)3(OH)-type silicon connecting to three Si tetrahedrons in the zeolite framework and one hydroxyl, which is located on the surface of H-ZSM-5 [27,37,54]. The quantitative results given in Table 3 show close relative proportions of various Si species for Z5-TPA and Z5-NBA, revealing that both zeolites have quite similar SiO4 environments.



In the 27Al MAS NMR spectra, as shown in Figure 6a, both Z5-TPA and Z5-NBA samples exhibit one intense resonance peak at 55 ppm corresponding to tetrahedrally coordinated Al species, while the resonance signal at 0 ppm attributed to octahedrally coordinated extra-framework Al species is almost invisible, corroborating that the great majority of Al atoms have been incorporated into the H-ZSM-5 zeolite framework [37,55,56,57,58]. The 27Al MAS NMR spectrum at 55 ppm is deconvolved into five peaks located at 48, 52, 55, 57 and 60 ppm, respectively, as illustrated in Figure 6b,c. The peaks centered at 48, 52 and 55 ppm can be assigned to the framework Al atoms at the intersections, whereas the peaks at 57 and 60 ppm correspond to framework Al atoms in the sinusoidal and straight channels of the H-ZSM-5 zeolite, respectively [38]. The framework aluminum distribution was then calculated based on the proportion of various peak areas, and the results are presented in Table 4. The relative content of Al at the intersections is obviously higher for Z5-TPA (86.4%) than Z5-NBA (69.0%), while the former sample has noticeably lower content of Al in the sinusoidal channels than the latter one (9.9% vs. 25.7%). This result suggests that AlF is more favored to be positioned at the intersections when TPA+ was employed as OSDA.



Notably, during the synthesis of aluminosilicate zeolites, the isomorphic substitution of framework Si4+ by Al3+ leads to the formation of negative charges, which must be balanced with positively charged species; these species could be OSDAs (e.g., TPA+, hydrolyzed and dissociated amines), extra-framework Al species (e.g., AlO+, Al(OH)2+) and inorganic cations (e.g., Na+, K+) [28]. To guarantee a neutral framework and the continuation of crystallization, the framework Al atoms will be located near positions that are more suitable for the accommodation of the above-mentioned cations. In the classical crystallization mechanism of the ZSM-5 zeolite, when the large-sized TPA+ was used as OSDA, it can only be located at the intersections with larger void spaces [37,59], which leads to the enrichment of AlF at the intersections. Z5-NBA is obtained with the assistance of NBA and Na+, both of which are small-sized and will be randomly distributed within the MFI framework during the crystallization process, resulting in less framework Al atoms distributed at the intersections than Z5-TPA. The difference in AlF location is further demonstrated by the following constraint index.



The constraint index (CI) is used to estimate the distribution of acid sites derived from the framework Al atoms. The CI value is determined from the cleavage rate ratio of n-hexane to 3-methylpentane, which was measured at a conversion rate below 15%. Considering that both Z5-TPA and Z5-NBA zeolites have an identical MFI structure and quite similar textural and acidic properties, the variation in the CI value can be attributed to the difference in the distribution of framework Al atoms. The CI values of H-ZSM-5 zeolites synthesized with different OSDAs are shown in Table 4. The CI value of Z5-NBA is higher than that of Z5-TPA (5.0 vs. 3.4). This result suggests that the amount of acid sites at the intersections is greater for Z5-TPA than Z5-NBA, since the cracking reaction of 3-methylpentane proceeds faster at the intersections than in the straight and sinusoidal channels due to the larger spaces of intersections that can accommodate the bulky bimolecular transition state [28]. Combined with the 27Al NMR result, it is clear that the preferential positioning of TPA+ at the intersections causes more framework Al atoms to sit therein, leading to more acid sites concentrated at the intersections. Compared to Z5-TPA, the Z5-NBA sample attained from NBA and Na+ displays less framework Al atoms and acid sites at the intersections, i.e., more framework Al atoms and acid sites in the straight and sinusoidal channels.




2.4. Catalytic Performance


The selective alkylation of benzene with methanol to toluene and xylene is catalyzed by Brønsted acid sites of the zeolites derived from AlF [13,14]. We compared catalytic behavior of Z5-TPA and Z5-NBA to investigate the effect of AlF distribution. The reaction data after 4 h on stream given in Table 5 shows that the total selectivity towards toluene and xylene is very close for the two samples, which is 84.4% and 84.0% for Z5-TPA and Z5-NBA, respectively. However, the benzene conversion of Z5-TPA (52.8%) is noticeably higher than that of Z5-NBA (45.9%), and a higher total yield of toluene and xylene is also observed over Z5-TPA (44.6%) compared to Z5-NBA (38.6%). In terms of reaction rate, Z5-TPA displays a much higher rate than Z5-NBA (2445 vs. 1510 mmol/(g h)). The catalytic activity strongly depends on Brønsted acid properties of the zeolites, i.e., amount, strength and distribution [60]. Larger surface area provides more accessible acid sites in the zeolites, resulting in higher conversion of benzene. Hu et al. found that introducing mesopores in H-ZSM-5 could improve benzene conversion, due to enhanced diffusion of reactants and products, as well as easier access to the active sites in micropores [23]. The aforementioned characterization results reveal that both Z5-TPA and Z5-NBA zeolites have the same mesopores, very similar surface areas and very close acidic properties, including amount, strength, and strength distribution of the BAS. Therefore, the difference in catalytic activity should be attributed to the distribution of acid sites, i.e., the AlF distribution.



The apparent activation energies in the temperature range of 375−450 °C were measured for Z5-TPA and Z5-NBA. As illustrated in Figure 7, both zeolites have equivalent activation energies (90 vs. 89 kJ/mol), suggesting that the reaction mechanism on these catalysts is the same.



Spectroscopic studies have verified that methoxy groups may indeed be formed from methanol, which is in accordance with a stepwise mechanism [15,60]. On the other hand, some reports favor the concerted mechanism [61,62]. Quantum chemical calculations have demonstrated the possibility of both mechanisms [16]. We think that both routes may exist during the reaction.




2.5. Periodic Density Functional Study


According to the above analysis, the only difference between Z5-NBA and Z5-TPA lies in the location of AlF, which determines the sittings of active centers, i.e., the acid sites. To understand the link between the AlF location and reaction mechanism, a periodic density functional study was conducted using the Vienna Ab-initio Simulation Package (VASP 4.6).



Firstly, the small size of NBA makes straight channels, sinusoidal channels and channel intersections all feasible locations for its existence, and the adsorption energies of NBA at the three locations are all close to −1.47 eV. Both the configurations and energies for NBA in ZSM-5 concrete the regular dispersion of NBA in ZSM-5; meanwhile, given that NBA can be positively charged after hydrolyzation and dissociation, a more even distribution of AlF at the three locations can be anticipated. More importantly, the addition of Na+ cations, which are randomly distributed in the MFI framework, also contributes significantly to the uniform dispersion of AlF in Z5-NBA [37]. Different from NBA, it has been found that TPA+ could only be resided at the intersections due to its large size, with an adsorption energy of −4.18 eV. Considering the fact that no other cations can be found in the synthesis of Z5-TPA, AlF will be directed into the channel intersections of ZSM-5 zeolite via the charge interaction between TPA+ and AlO4−. The simulations are consistent with the 27Al MAS NMR and CI results, which further corroborates that the AlF is more concentrated at the intersections for Z5-TPA than Z5-NBA.



Since the acid sites come from the compensating protons adjacent to AlF, various AlF locations bring about simultaneous changes in the coordinates of acid sites. Specifically, the acid sites in the straight/sinusoidal channels face confined spaces, yet the acid sites in the cross-sections (i.e., channel intersections) hold more spacious room. As mentioned in the introduction, two possible mechanisms are involved in the alkylation of benzene with methanol, namely the concerted pathway and the stepwise pathway, and the largest intermediates in the two processes are believed to be transition-state complexes before the generation of protonated toluene cations. Theoretically, the configurations of transition-state complexes could exist in the channels or intersections; however, unluckily, only those at the intersections can be found after searching for a series of potential models no matter how these precursors are placed, and to the best of our knowledge, no evidence has been found to support the formation of transition states in the straight and sinusoidal channels. In the determined configuration of the concerted pathway, an oxygen atom in the water, a carbon atom in the methyl and a carbon atom in the benzene are aligned almost linearly, with the angle of 171.8°, C-O length of 2.2 Å and C-C length of 2.1 Å (Figure 8). Similarly, in the determined configuration of the stepwise pathway, a framework oxygen atom, a carbon atom in the methyl and a carbon atom in the benzene are also linearly arranged, with C-O distance of 2.2 Å, C-C distance of 2.1 Å and O-C-C angle of 178.0° (Figure 9). Accordingly, the dynamic diameters of the two transition-state complexes are calculated using the method put forward by Mehio et al. [63], which is 7.3 Å for the stepwise pathway and 9.1 Å for concerted pathway. Obviously, the kinetic diameters are much larger than the sizes of ZSM-5 apertures (5.1 × 5.5 Å for sinusoidal channels and 5.3 × 5.6 Å for straight channels). Consequently, there are insufficient spaces for the formation of transition states in the straight and sinusoidal channels, which hinders the proceeding of the alkylation reaction.



Liu et al. [37] reported that Pt-modified ZSM-5 with acid sites mainly located in the intersections tended to produce more aromatic compounds for ethane aromatization than a catalyst with acid sites located in the straight and/or sinusoidal channels. The reason for this is that acid sites located in the intersections with more space void were conducive for the geometry transformation of intermediates. Zhu et al. [40] studied the effect of AlF distribution on the catalytic performance in the alkylation of benzene with methanol. The results demonstrated that H-ZSM-5 with more AlF in the intersections can improve benzene conversion due to the larger space and co-adsorption effect. Taken everything into consideration, in the synthesis of ZSM-5, TPA+ will be only located at the intersections, which causes the preferential enrichment of AlF as well as acid sites therein. As there are larger spaces near to the acid sites at the intersections, the alkylation of benzene with methanol could progress smoothly, pertaining to the minimized steric hindrances for the large transition-state complexes. Compared to TPA+, the engagement of NBA and Na+ induces more acid sites present in the straight and sinusoidal channels. However, these channel acid sites are incapable of catalyzing the alkylation reaction because of the narrow spaces which could not hold the large transition-state complexes. Resultantly, Z5-TPA displays higher activity than Z5-NBA in the alkylation of benzene with methanol attributing to the rational AlF locations.





3. Materials and Methods


3.1. Synthesis of H-ZSM-5 Zeolites


Two ZSM-5 zeolites were synthesized using the procedures described by Liu et al. with minor modifications [37]. Typically, silica sol (SiO2, 40 wt%) was added slowly to Al(NO3)3 aqueous solution, and stirred for 1 h. Then, tetrapropylammonium hydroxide (TPAOH, 40 wt%) was added, followed by stirring for 4 h to form a homogeneous suspension with a molar composition of 1.0 SiO2:0.00333 Al2O3:0.5 TPAOH:50 H2O. The suspension was transferred into a Teflon-lined stainless-steel autoclave and statically crystallized at 170 °C for 120 h, followed by centrifuging, rinsing, drying overnight at 120 °C and calcining at 550 °C in air for 5 h.



Another ZSM-5 zeolite was prepared as follows: silica sol was added slowly to the mixed aqueous solution containing Al(NO3)3 and NaOH. Then, n-butylamine (NBA) was added, followed by stirring for 4 h to obtain a gel with a molar composition of 1.0 SiO2:0.00333 Al2O3:0.98 NBA:0.08 Na2O:10 H2O. The prepared mother gel was transferred into a Teflon-lined stainless-steel autoclave and crystallized at 170 °C for 120 h, followed by centrifuging, rinsing, drying overnight at 120 °C and calcining at 550 °C in air for 5 h.



The NH4-type zeolites were obtained by ion-exchanging the above ZSM-5 zeolites with 1 M NH4NO3 solution three times with a solution/zeolite ratio of 10 mL/g at 90 °C for a total of 9 h. The H-type ZSM-5 samples were acquired by calcination of the NH4-type zeolites at 450 °C for 5 h. The resulting H-ZSM-5 catalysts were denoted as Z5-TPA and Z5-NBA, respectively.




3.2. Characterization of H-ZSM-5 Zeolites


Zeolite topologies were determined from powder X-ray diffraction (XRD) patterns on a D8 Advance X-ray diffractometer (Brucker, Madison, WI, USA) with a Cu Kα radiation source at 40 kV and 50 mA. Scanning electron microscopy (SEM) images of the samples were observed on a Zeiss Merlin scanning electron microscope (Merlin, Carl Zeiss AG, Oberkochen, Germany). The Si/Al molar ratios of H-ZSM-5 zeolites were determined by means of an S4 Pioneer X-ray fluorescence (XRF) spectrometer (Bruker, Rheinstetten, Germany). The surface areas and pore volumes of H-ZSM-5 zeolites were measured by a Micromeritics TriStar 3000 automatic absorption instrument (Micromeritics, Atlanta, GA, USA). Magic-angle-spinning nuclear-magnetic-resonance (MAS NMR) spectra of 27Al and 29Si were collected on a Bruker Avance III 600 MHz Wide Bore spectrometer (Bruker, Rheinstetten, Germany). The single-pulse sequence was adopted with a 10° pulse and a delay time of 0.3 s. The chemical shifts for 27Al and 29Si were calibrated by referring to AlCl3 and tetramethylsilane, respectively. The 27Al MAS NMR and 29Si MAS NMR spectra were deconvoluted by using the mixed Gaussian–Lorentzian equation.



The strength and quantity of acid sites present on H-ZSM-5 zeolites were analyzed by temperature-programmed desorption of NH3 (NH3-TPD) on a Micrometritics AutoChem AMI-3300 apparatus (Micromeritics, Atlanta, GA, USA). A total of 0.1 g of sample (40−60 mesh) was loaded into a U-type tube and pretreated at 550 °C for 1 h in a N2 flow. Then, the sample was cooled to 100 °C and exposed to a 10 vol.% NH3/N2 mixture (30 mL/min) for 0.5 h. After purging with helium (30 mL/min) for an additional 2 h to remove the physically adsorbed NH3, the temperature was ramped from 100 °C to 550 °C at a rate of 10 °C/min using helium (30 mL/min) as the carrier gas. The desorbed ammonia was monitored by a thermal conductivity detector. The amounts of Brønsted and Lewis acid sites were determined by Fourier-transform infrared spectroscopy of pyridine adsorption (Py-IR) on a Nicolet iS50 spectrometer (Nicolet, Madison, WI, USA). Prior to each measurement, all samples were pressed into self-support wafers with a diameter of 13 mm and a weight of ca. 15 mg. Then, the sample was degassed at 400 °C for 2 h under vacuum (<10−2 Pa) to remove the impurities and adsorbed water, before being cooled to an ambient temperature. Thereafter, pyridine was introduced into the testing cell as saturated vapor for 10 min to allow sufficient adsorption, after which the cell was evacuated again for 20 min at 200 °C, 300 °C and 400 °C. The spectra were recorded using the background taken at the same temperature. Brønsted and Lewis acidities were quantified from the integrated areas of Py-IR bands at ca. 1540 and 1450 cm−1, employing the molar extinction coefficients of 1.67 and 2.22 cm/μmol, respectively [64,65].




3.3. Computational Method


Density functional theory (DFT) calculations were carried out using Vienna Ab Initio Simulation Package 5.4. Project augmented wave method and Perdew–Burke–Ernzerhof exchange–correlation function were adopted, with a plane wave basis set kinetic energy cut-off of 400 eV. The Brillouin zone sampling was limited to the Γ-point, and the convergence criterion that forces on each atom was smaller than 0.03 eV/Å. The MFI structure containing pure SiO2 was downloaded from International Zeolite Association, whose lattice parameters were then optimized to acquire a unit cell of a = 20.32 Å, b = 20.16 Å and c = 13.46 Å. A Brønsted acid site was created by replacing a Si (T12) atom with an Al atom, and the neighboring O between Al (T12) and Si (T3) was protonated. The dimer method was utilized to determine the transition states. The obtained configurations were confirmed by the existence of one and the only imaginary frequency. The adsorption energy was calculated by the following equation:


ΔEads = Ezeo+temp − Ezeo − Etemp



(1)




wherein ΔEads is the adsorption energy, Ezeo+temp is the total energy of zeolite and template complexes, and Ezeo and Etemp are the energies of the zeolite framework and the template, respectively.




3.4. Catalytic Performace Evaluation


3.4.1. Estimation of Constraint Index


A total of 0.2 g of the catalyst (40−60 mesh) was loaded into the constant temperature zone of the fixed bed reactor. Prior to each test, the H-ZSM-5 zeolite was firstly activated at 450 °C for 3 h in a N2 flow, and the temperature was cooled to 400 °C. Next, a mixed feedstock of n-hexane and 3-methylpentane with a molar ratio of 1:1 was pumped into the reactor using N2 as the carrier gas to ensure a C6 paraffin conversion below 15%. The reactor effluent was analyzed online by a gas chromatograph equipped with a flame ionization detector and a HP-PLOT Q capillary column (30 m × 0.32 mm × 20 μm). The constraint index (CI) value was calculated by the following equation [66]:


   constraint   index =     log ( fraction   of   n- hexane   remaining )     log ( fraction   of   3- methylpentane   remaining )     



(2)








3.4.2. Benzene Alkylation with Methanol


The alkylation of benzene with methanol was carried out in a fixed bed reactor. The catalyst (3 g, 20−40 mesh) was loaded into the thermostatic region of the reactor and pretreated at 450 °C for 3 h in a N2 flow. Then, the temperature was cooled to 400 °C. Next, a mixture of benzene/methanol as the reactant (molar ratio of 1:1) was pumped in the reactor with a co-feed N2 flow (50 mL/min). The weight hourly space velocity (WHSV) was 4.0 h−1. The products were analyzed offline by a gas chromatograph equipped with a flame ionization detector and a HP-INNOWAX capillary column (50 m × 0.32 mm × 0.5 μm).




3.4.3. Cumene Cracking


The cracking reaction of cumene was used to evaluate Brønsted acidity of H-ZSM-5 zeolites, which was carried at 300 °C in a pulsed microreactor loaded with 0.03 g of the catalyst (40−60 mesh). The catalyst was activated at 450 °C for 3 h in a He flow before reaction. The carrier gas was He (30 mL/min), and the amount of injected cumene was 1 µL.






4. Conclusions


In this work, two micron-sized spherical H-ZSM-5 zeolites with very similar surface areas, SiO4 environments, acidic properties comprising the acid amount, acid strength, acid type and the strength distribution of BAS, but different AlF distributions, were synthesized by using TPAOH and NBA as OSDAs, respectively. When the large-sized TPA+ cations that could only be located at the intersections with larger void spaces are used, AlF is preferentially concentrated at the intersections. In contrast, the random existence of the small-sized NBA and Na+ in the MFI framework during the crystallization process leads to less AlF distributed at the intersections. DFT calculations unveil that the AlF at the intersections exerts less steric hindrances for the transition states, whereas there are insufficient spaces for the formation of transition states in the straight and sinusoidal channels, which hinders the proceeding of the alkylation reaction. The Z5-TPA zeolite synthesized from TPAOH gives a 52.8% conversion in benzene alkylation with methanol at a WHSV of 4 h−1 and 400 °C, which is more active than the Z5-NBA zeolite synthesized from NBA (45.9% conversion). The comparable total selectivity towards toluene and xylene (ca. 84%) was achieved over both H-ZSM-5 zeolites. The higher activity observed for Z5-TPA than Z5-NBA is attributed to more AlF distributed at the intersections of the former catalyst, i.e., more Brønsted acid sites located therein. This work not only provides a feasible method to control the Al distribution in the H-ZSM-5 zeolite framework, thus improving the catalytic performance in the titled reaction, but is also helpful in understanding the structure–performance relationship.
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Figure 1. XRD patterns of Z5-TPA and Z5-NBA. 
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Figure 2. SEM graphs of Z5-TPA (a,b) and Z5-NBA (c,d). 
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Figure 3. NH3-TPD profiles of Z5-TPA and Z5-NBA. 
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Figure 4. Py-IR spectra of (a) Z5-TPA and (b) Z5-NBA after desorption at 200 °C, 300 °C and 400 °C. 
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Figure 5. 29Si MAS NMR spectra of (a) Z5-TPA and (b) Z5-NBA. 
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Figure 6. 27Al MAS NMR spectra of Z5-TPA and Z5-NBA (a) and their corresponding curve fittings of Z5-TPA (b) and Z5-NBA (c). 
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Figure 7. Arrhenius plot of the reaction rate on Z5-TPA and Z5-NBA. 
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Figure 8. The transition-state complex in the optimized geometry by the concerted mechanism (red, oxygen; purple, aluminum; white, hydrogen; gray, carbon; similarly hereinafter). 
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Figure 9. The transition-state complex in the optimized geometry by the stepwise mechanism. 
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Table 1. Textural properties of Z5-TPA and Z5-NBA.
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Sample

	
Si/Al

	
Crystallinity

	
Surface Area (m2/g)

	
Pore Volume (cm3/g)




	
Ratio a

	
(%)

	
Total

	
Micro b

	
Micro b

	
Meso c






	
Z5-TPA

	
151

	
105

	
398

	
361

	
0.17

	
0.10




	
Z5-NBA

	
149

	
100

	
393

	
358

	
0.17

	
0.10








a Determined by XRF; b Micropore volume calculated by the t-plot method; c Mesopore volume.













 





Table 2. Acidic properties of Z5-TPA and Z5-NBA.
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Sample

	
Acidity by NH3-TPD

(μmol/g)

	
Acidity by Py-IR

(μmol/g)

	
BAS Distribution

(%) a

	
Conv. of Cumene Cracking

(%)




	
Weak

	
Strong

	
Total

	
Brønsted

	
Lewis

	
Total

	
Weak

	
Medium

	
Strong






	
Z5-TPA

	
59

	
70

	
129

	
78

	
17

	
95

	
22

	
31

	
47

	
33.9




	
Z5-NBA

	
60

	
70

	
130

	
78

	
17

	
95

	
22

	
31

	
47

	
33.6








a The acid strength distribution of Brønsted acid sites (BASs) was estimated from Py-IR after the evacuation at different temperatures; the difference in BAS between 200 and 300 °C, the difference in BAS between 300 and 400 °C and the remaining BAS at 400 °C correspond to weak, medium and strong acid sites, respectively.













 





Table 3. Deconvolution results of the 29Si MAS NMR spectra for Z5-TPA and Z5-NBA based on the normalized peak areas of different Si species.
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Sample

	
Proportion of Various Peaks (%)




	
Q3(0Al),

−103 ppm

	
Q4(1Al),

−107 ppm

	
Q4(0Al),

−113 ppm

	
Q4(0Al),

−116 ppm






	
Z5-TPA

	
4.7

	
14.4

	
60.1

	
20.8




	
Z5-NBA

	
4.6

	
14.5

	
60.4

	
20.5











 





Table 4. Aluminum distribution obtained from the curve fitting of 27Al MAS NMR spectra and CI values for C6 paraffins cracking over Z5-TPA and Z5-NBA.
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Sample

	
Aluminum Distribution (%)

	
CI a




	
Straight

	
Sinusoidal

	
Intersection






	
Z5-TPA

	
3.7

	
9.9

	
86.4

	
3.4




	
Z5-NBA

	
5.3

	
25.7

	
69.0

	
5.0








a Constraint index.













 





Table 5. Reaction data of the Z5-TPA and Z5-NBA catalysts at a WHSV of 4 h−1 and 400 °C.
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Catalyst

	
Conversion

	
Selectivity (%) a

	
ST+X b

	
YT+X c

	
Rate d




	
(%)

	
T

	
PX

	
MX

	
OX

	
EB

	
C9+

	
(%)

	
(%)

	
(mmol/(g h))






	
Z5-TPA

	
52.8

	
52.4

	
8.7

	
16.5

	
6.8

	
10.5

	
5.1

	
84.4

	
44.6

	
2445




	
Z5-NBA

	
45.9

	
48.5

	
9.2

	
18.1

	
8.2

	
7.3

	
8.7

	
84.0

	
38.6

	
1510








a T: toluene; PX: p-xylene; MX: m-xylene; OX: o-xylene; EB: ethylbenzene; C9+: trimethylbenzene and higher alkyl aromatics. b ST+X refers to the total selectivity of toluene and xylene. c YT+X refers to the total yield of toluene and xylene. d Millimoles of benzene converted per gram of catalyst per hour at 400 °C obtained at a benzene conversion below 10%.
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