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Abstract

:

To improve the catalytic performance of zeolite catalysts in reactions involving bulky molecules, a series of mesoporous Beta zeolite were prepared using organic functionalized fumed silica as the silicon source, which were thoroughly characterized in terms of porosity and acidity. The peaks in X-ray diffraction (XRD) patterns showed broadening, and the external surface area and mesoporosity increased progressively when the content of organic functionalization increased. An infrared (IR) spectroscopy study of adsorbed probe molecules, including pyridine (Py-IR), 2,6-ditertbutylpyridine (DTBPy-IR) and pivalonitrile (Pn-IR), showed that the improvement of mesoporosity increased the accessibility of acidic sites. In the catalytic benzylation of naphthalene with benzyl chloride (BC) over the mesoporous Beta zeolite catalysts, the conversion of BC was significantly increased when the accessibility of Brönsted acid sites improved. The increase of mesoporosity not only improved the diffusion ability of the reactants and products, but also increased the accessibility of acid sites, which greatly enhanced the activity of the mesoporous Beta zeolite catalysts. It is highlighted that the interdependence of mesoporosity, acid type, acid concentration, and strength of the mesoporous Beta zeolites on the catalytic performance in the benzylation of naphthalene with BC was comprehensively studied.
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1. Introduction


Beta zeolite is a microporous crystalline aluminosilicate with a three-dimensional pore system, whose intersecting channels are formed by 12-membered rings with a diameter of 0.67 nm. Such a zeolite consists of an intergrowth of two structures, i.e., polymorph A and B [1,2]. Beta zeolite with its shape-selective properties and the easy tailoring of their acidity can be synthesized with Si/Al ratios between 10 and 100, which is used as a catalyst in a large variety of industrial applications, such as acid-catalyzed hydrocarbon conversions and the selective synthesis of organic compounds [3,4,5,6]. However, like many other types of zeolites, the narrow micropores within Beta zeolite could cause slow diffusion of large molecules, which results in a relatively low catalytic activity and a fast catalytic deactivation.



The improvement of zeolite efficiency has been extensively studied, and introducing mesopores into the conventional microporous zeolites is demonstrated to be an effective solution [7,8]. Two different strategies have been developed to introduce mesopores into zeolite structures, namely “top-down” (post-synthetic modification) and “bottom-up” (primary syntheses) approaches [9]. The “top-down” approach mostly involved dealumination, desilication, desilication following recrystalization, and surfactant-templated crystal rearrangement; while the “bottom-up” approach involved hard templating, soft templating, assembly of nanosized zeolite, and zeolitization of preformed solids [10,11,12,13]. Among these approaches, applying organic functionalized silica as the silicon source in the synthesis system of zeolites has been proved to be an effective and practical method making mesoporous zeolites, and the resulted mesoporous zeolites presented enhanced catalytic performance [14,15,16]. The previous work from our group demonstrated the dramatically improved mesoporosity of a Beta zeolite synthesized by using organic functionalized silica as the silicon source, which showed significantly improved activity in the catalytic reaction for bulky molecules involved in biodiesel production [17].



Friedel–Crafts alkylation is a very important reaction in organic chemistry, which is used in the production of a large variety of chemicals for a wide range of industrial segments. Among these chemicals, benzylated aromatics, which is an important class of alkylated aromatics, are of great importance due to their wide applications in the industrial production of petrochemicals, cosmetics, dyes, pharmaceuticals, and so on. Benzylnaphthalenes are known as useful intermediates for the organic syntheses of additives for lubricants, dyes, and antioxidants, which can be synthesized via the benzylation of naphthalene. Traditional homogeneous acid catalysts for Friedel–Crafts reactions, such as FeCl3, AlCl3, BF3, ZnCl2, HF, and H2SO4, are criticized for the high toxicity, corrosion, and difficult recovery and disposal. In contrast, zeolites, known as a kind of solid acid [3], are considered as a green catalyst for the Friedel–Crafts reactions, among which, zeolite H-Beta, H-Y, H-ZSM-5, and H-mordenite were studied in different Friedel–Crafts reactions. However, the microporous zeolites showed poor reactivity in reactions involving large molecules, mainly due to diffusion limitation and low accessibility of the acid sites [18,19]. In comparison, mesoporous zeolite catalysts presented a better performance in large molecules involved in Friedel–Crafts reactions [20,21,22,23,24,25].



The present work studied the catalytic benzylation of naphthalene with benzyl chloride (BC) over mesoporous Beta zeolite catalysts that were synthesized using organic modified silica as the silicon source. The porosity and acidity were thoroughly characterized and their effect on the catalytic activity in the reaction was investigated comprehensively.




2. Results and Discussion


2.1. Characterization of Mesoporous Beta Zeolites


Mesoporous Beta zeolite was synthesized by using organic functionalized fumed silica as the silicon source. As shown in the powder X-ray diffraction (XRD) patterns in Figure 1, all the zeolites synthesized from organic functionalized fumed silica exhibited the typical characteristic peaks of a Beta zeolite structure. However, compared with the conventional microporous Beta zeolite (CB) from a non-functionalized silicon source, the mesoporous counterpart (MB1-4) showed broader characteristic peaks when the organic content from the functionalization increased, which could be attributed to the decreased crystalline domains. Such results agree well with our previous findings [15,16,17].



Porosity of the mesoporous Beta zeolite was characterized using N2 adsorption at 77 K. Figure 2 showed the adsorption and desorption isotherms and the related pore size distributions. In Figure 2a, CB exhibited an isotherm close to type I according to the IUPAC classification, which was mainly from micropores [26]. Such an isotherm had a sharp increase of adsorption under low p/p0, and a plateau under higher pressure. While MB1-4 showed different isotherm shapes (Figure 2a), which is a composite of type I and type IV, such isotherms not only have adsorption under low pressure, but also have a continuous increase of adsorption under intermediate and high relative pressures due to the presence of both micropores and mesopores. MB2 exhibited a hysteresis loop in the p/p0 region between 0.4–1.0. These results are in accordance with our previous findings [15,16,17]. Accordingly, the pore size distribution from the adsorption branch of the isotherms were calculated using the density functional theory (DFT) model and presented in Figure 2b. CB has very limited mesopores according to the pore size distributions. MB1-4 had mesopores in the region between 2–8 nm, among which MB4 showed two main peaks in the mesoporous region: one centered at 3 nm, and the other at 7 nm.



The pore structure data were also calculated using different models and present in Table 1. The BET surface areas of MB1-4 were higher than that of CB. Moreover, the surface area increased when increasing the content of organic functionalization. CB had a BET surface area of 742 m2/g, while MB4 had a BET surface area of 931 m2/g. The increase of BET surface area was cause by the increase of external surface area. Furthermore, the micropore surface area decreased when the mesopore surface area increased. This is because the development of mesopores had to sacrifice micropores, which was also supported by the data of pore volume. When the content of organic functionalization increased, the mesopore volume increased, and the micropore volume decreased accordingly.



As described in our previous work, the organic group in the functionalized silicon source hindered the growth of Beta zeolite into large crystals [14,17]. The aggregation of small nanoparticles could form a large amount of mesopores and dramatically increased the external surface area, which was also support by the scanning electron micrograph (SEM) results. Figure 3 compared the SEM images of CB and MB4. Both CB and MB4 had particle sizes of around 500 nm. The particles of CB were constituted of densely stacked sheets with a size of 150 nm. However, the particles of MB4 were aggregated by crystals of smaller than 20 nm. Moreover, in the particles of MB4, the voids between the nanoparticles were bigger than that of CB, which supported the results of increased mesoporosity characterized by N2 adsorption.



The chemical environment on the surface of the zeolite was different from that inside the crystal. Figure 4 showed the OH region of infrared (IR) spectra for CB and MB4, which have different external surface areas and different OH groups. The peak at 3745 cm−1 was assigned to external silanol groups, and the peak at 3735 cm−1 could be attributed to internal silanol groups [27]. MB4 showed a high intensity of the external surface silanol group peak at 3745 cm−1, which was ascribed to the increased external surface area. On the contrary, CB showed a high intensity of the internal silanol peak at 3735 cm−1, which was in accordance with the fact that the micropore was dominant in CB.



The difference in the chemical environment for CB and MB1-4 were characterized by 29Si MAS NMR as well. Figure 5 presented the 29Si MAS NMR spectra of CB and MB4 (29Si MAS NMR spectra of MB1-3 are shown in Figure S1). Five peaks assigned to Q4 (−115 and −111 ppm), Q3 (−107 and −103 ppm), and Q2 (−95 ppm) sites were detected when using Gaussian functions fitting the peaks. Two peaks for Q4 sites originated from the two different stacking orders of polymorph A and polymorph B, which are typical for zeolite BEA. The Q3 peaks at −107 and −103 ppm were from Si(OSi)3(OAl)1 and Si(OSi)3(OH)1 tetrahedrons, respectively [28]. The Q2 peak at −95 ppm was assigned to the Si(OSi)2(OAl)2 tetrahedron. It was noticed that the peaks of MB4 were wider than that of CB, which demonstrated that the mesoporous Beta zeolite from organic functionalized silicon showed a decreased homogeneous chemical environment compared with that of the microporous Beta zeolite. Such changes are largely attributed to the increased external surface area of the mesoporous Beta zeolite.




2.2. Acidity of Mesoporous Beta Zeolites


There are two families of techniques, namely spectrometric (IR and NMR) and adsorption–desorption methods (calorimetry and temperature programed desorption (TPD)), that are normally used to characterize the acidity of zeolites [29,30]. In this study, bulk acidity and mesopore surface acidity was investigated by using temperature-programmed desorption of ammonia (NH3-TPD) and infrared (IR) spectroscopic studies of adsorbed probe molecules with different sizes (pyridine (Py), 2,6-di-tert-butylpyridine (DTBPy), and pivalonitrile (Pn)).



2.2.1. Bulk Acidity of Mesoporous Beta Zeolites by NH3-TPD


NH3-TPD was applied to characterize the bulk acidity of mesoporous Beta zeolites, including acid strength and the relative amount of acid with different strengths. The temperature of desorption is related to the strength of the acid. Strong acid sites have a more stable interaction with NH3 molecules, which need a higher temperature to be desorbed. Figure S2 compared the NH3-TPD data of CB and MB1-4. The desorption of NH3 could be divided into contributions from weak (desorption maximum at 490–504 K, TL), medium (desorption maximum at 526–556 K, TM), and strong (desorption maximum at 631–649 K, TH) acid sites. The low-temperature peak was assigned to the desorption of NH3 from Brönsted acid sites. The strong acid sites are related to Lewis acid sites that bind strongly to NH3 and need a high temperature for desorption [28]. The calculated results are summarized in Table 2. It can be noticed that the mesoporous Beta zeolites MB1-4 did not present a big difference in the acid strength from the microporous Beta zeolite CB.




2.2.2. Bulk Acidity of Mesoporous Beta Zeolites Using Py-IR


Pyridine (Py) is a basic molecule with a kinetic molecular size of 0.54 nm, which is considered to be capable of being adsorbed on the Brönsted acid sites and Lewis acid sites within both the micropores and on the external surface of Beta zeolite [31]. Py-IR is a widely used method to characterize the total amount of acid in a porous material. As shown in Figure 6 (MB4) and Figure S3 (CB and MB1-3), the IR band at 1546 cm−1 was assigned to Py adsorbed on Brönsted acid sites, the band at 1456 cm−1 was attributed to Py adsorbed on Lewis acid sites, and the band at 1490 cm−1 was from Py adsorbed on both Brönsted acid and Lewis acid sites [32]. The band at 1456 cm−1 had a shoulder at 1445 cm−1 which was related to Py adsorbed on a Si-OH group. It can be noticed that the intensity of all the bands decreased when adsorption temperature increased, which was due to the desorption of the adsorbed Py from weak acid sites. The Py remaining at higher temperatures were those adsorbed on strong acid sites. Interestingly, the shoulder band at 1445 cm−1 disappeared when the temperature increased from 423 K to 623 K, which was related to the desorption of Py from a Si-OH group at higher temperatures. The concentration of both Brönsted acid and Lewis acid sites were calculated from the Py-IR spectra and tabulated in Table 3. The concentration of both Brönsted acid and Lewis acid sites decreased when the temperature increased because of the desorption of Py at high temperatures.




2.2.3. Accessibility of Acids over Mesoporous Beta Zeolites by DTBPy-IR


Another basic probe molecule 2,6-di-tert-butylpyridine (DTBPy) has a kinetic molecular size of 0.79 nm, which is considered to be unable to entirely enter the micropores of Beta zeolite. Because of that, DTBPy-IR is often used to detect the accessible Brönsted acid sites of zeolite crystals [33]. Figure S4 presents the DTBPy-IR spectra of mesoporous Beta zeolites. The bands at 1613 cm−1 were related to the DTBPy molecule adsorbed in mesoporous Beta zeolites. The concentration of the Brönsted acid sites were calculated from the area of the bands and are shown in Table 3. It can be noticed that the concentration of Brönsted acid sites increased from 32 µmol/g for MB1 to 216 µmol/g for MB4. This was because the increase of external surface area meant more acid sites were exposed to the large molecule. MB4 had a similar concentration of Brönsted acid sites from DTBPy-IR (216 μmol/g) when compared the data from Py-IR (241 μmol/g), which meant the majority of the Brönsted acid sites were exposed on the external surface of the zeolite. Such acid sites are of great importance to the catalytic performance of the zeolite catalyst in reactions involving bulky molecules.




2.2.4. Accessibility of Acids over Mesoporous Beta Zeolites by Pn-IR


DTBPy-IR is widely used to determine the concentration of Brönsted acid sites on the external surface of zeolites. However, the drawback for DTBPy-IR is that Lewis acid sites cannot be detected by such a method. IR spectrometry of adsorbed pivalonitrile (Pn) with large molecular size was developed to study the accessible Lewis acid sites on the surface of zeolites [34]. In this study, Pn-IR was used as a supplementary method to study the concentration of Lewis acid sites on the external surface of mesoporous Beta zeolite. Figure S5 shows a different shape of the Pn-IR spectra of the mesoporous Beta zeolites. Gaussian functions were used to fit the peaks. The band at 2294 cm−1 was assigned to Pn molecules adsorbed by Lewis acid sites and the band at 2277 cm−1 was related to Pn molecules adsorbed by Brönsted acid sites. The concentration of Lewis acid sites on the external surface was calculated from the Gaussian functions fitted peaks and is listed in Table 3. As can be seen in Table 3, the concentration of Lewis acid sites from Pn-IR of the studied mesoporous Beta zeolites increased slowly, which was due to the increase of the external surface area, and the majority of the Lewis acid sites were located on the external surface. It has been widely accepted that Lewis acid sites are related to the extra-framework Al [35]. In mesoporous Beta zeolite, the increase of external surface area will generate lots of extra-framework Al, which results in more Lewis acid sites.





2.3. Benzylation of Naphthalene over Mesoporous Beta Zeolite


Figure 7 is the illustration of the catalytic benzylation of naphthalene with benzyl chloride (BC) conducted over mesoporous Beta zeolite catalyst. Naphthalene has a kinetic molecular size of 0.50 nm × 0.68 nm, which is very close to the pore size of Beta zeolite; the product benzylnaphthalenes (BN) had kinetic molecular sizes around 1.0 nm, which is not possible to form within the micropore of Beta zeolite. Only the active sites on the pore mouth are able to be accessed by such large molecules. Two different isomers were detected in the products (α-BN and β-BN), and are tabulated in Table S1. The selectivity of α-BN was around 80%, much higher than that of β-BN for all the studied catalysts, which was due to the smaller diameter of α-BN being easier to diffuse in the pathways of the catalysts. The mesoporous Beta zeolites (MB1-4) did not show much difference from the microporous Beta zeolite CB in terms of their selectivity.



As shown in Figure 8a, the conversion of BC increased when the external surface area of the mesoporous Beta zeolite catalysts increased. After 8 h of reaction, the conversion of BC reached 100% over MB4, with an external surface area of 556 cm2/g. The catalyst recycling in the model reactions had been experimentalized in our laboratory. After the catalysts were used three times, the catalytic results had no apparent changes, and the XRD patterns of the used catalysts had no noticeable changes compared with the fresh catalysts. The low conversion of BC over microporous Beta zeolite (CB) catalysts with a low external surface area could be ascribed to that of the acidic sites within the micropores of Beta zeolites, which were not accessible to large reactant molecules. Those acidic sites played a crucial role as the active sites. Interestingly, the conversion of BC increased gradually when the external surface area increased. The mesopores with a large external surface area could improve the diffusion, prohibit it from the blockage of acidic sites, and improve the accessibility of acidic sites. It is worth noticing in Figure 8a that the accessibility of Brönsted acid sites increased with the improvement of the external surface area, which contributed to the high conversion of BC. The accessibility of acid sites could benefit the catalytic performance of the Beta zeolite catalyst, since it helped to form carbenium ions from large molecules during the reaction [6,27].



It is well known that the acid sites act as the active sites in the benzylation of naphthalene. The high concentration of acid sites in the catalyst should give a high conversion of the reactants. However, the results from our study did not fully agree with such a rule. As shown in Figure 8b, CB and MB1 did not give a high conversion of BC even though they both had high concentrations of acid sites. Instead, the conversion of BC increased when the external surface area and mesoporosity increased. The reason for this phenomenon was that the accessibility of the acid sites played a significant role in the reaction. The high external surface area increased the accessibility of the active sites, which resulted in the high conversion of BC. Moreover, the increase of mesoporosity improved the diffusion of reactants and products, which enhanced the activity of the zeolite catalysts as well.



The concentration of Lewis acid sites at different temperatures reflected the strength of the acid sites. There is already research showing that Lewis acid is also important for benzylation of naphthalene [36]. The effect of Lewis acid on the conversion of BC was analyzed as well in this study. Figure 8c shows that MB1 and MB2 had a higher concentration of Lewis acid site than MB3 when the Py-IR results at different temperatures are compared. However, the concentration of Lewis acid sites from Pn-IR results showed that MB3 had better accessibility than MB1 and MB2. Consequently, as can be seen in Figure 8c, the conversion of BC agreed with the trend of the accessibility of Lewis sites.





3. Experimental


3.1. Catalyst Preparation


Mesoporous Beta zeolites were synthesized by using the strategy we developed previously [14,15,16,17]. In practice, the mesoporous Beta zeolites were obtained by using organic functionalized fumed silica as the silicon source. The functionalization followed the same procedure as we developed [14]. Fumed silica was modified using TPOAC (dimethyloctadecyl-[3-(trimethoxysilyl) propyl] ammonium chloride) with different ratios of functionalization as described in Reference [17]. In a typical process, 30 g of fumed silica (Degussa, Aerosil 200, Marl, NRW, Germany) was dissolved in 600 mL of distilled water. The resultant mixture was then stirred at a rate of 100 rpm under reflux at 373 K for 1 h. After that, TPOAC (72 wt% methanol solution, Aldrich, Saint Louis, MO, USA) was added into the former mixture and refluxed at 363 K for 10 h. The product was washed several times with ethanol and dried at 373 K overnight.



The functionalized fumed silica was used as the silicon source for the synthesis of mesoporous Beta zeolite. A solution prepared by mixing distilled water, NaOH, NaAlO2, and organic functionalized fumed silica, with a molar ratio of 30SiO2:Al2O3:7Na2O, was stirred at room temperature for 4 h, before being transferred into a teflon-coated stainless-steel autoclave. After being heated at 373 K for 12 h, the solid product was washed with distilled water until the pH of the effluent was neutral, dried at 373 K overnight, and calcined in the presence of air at 873 K for 5 h. The as synthesized mesoporous Beta was then ion exchanged three times using a solution of 1 M NH4NO3 with a liquid/solid ratio of 100 mL/g at 333 K for 2 h, followed by being washed with deionized water, dried at 393 K for 12 h, and then calcined at 823 K for 3 h. The resultant H-mesoporous Beta zeolites were defined as MBn (n = 1–4, following the increase of mesoporosity). A conventional microporous Beta was made for reference, following the same method but using non-functionalized fumed silica as the silicon source and named as CB.




3.2. Characterization


The X-ray diffraction (XRD) measurements were carried out on a Shimadze XRD-6000 (Shimadzu, Nakagyo-ku, Kyoto, Japan) using Cu Kα radiation in the 2θ range of 5°–3°, with the step size and counting time of 0.02° and 10 s, respectively. Nitrogen adsorption–desorption isotherms were measured at 77 K on a Quantachrome QUADRASORB SI (Quantachrome Instruments, Boynton Beach, FL, USA). The samples were degassed at 613 K under vacuum for 3 h before the measurements. The total surface area was calculated using the BET equation, and the external surface area and micropore volume were obtained from the t-plot method. Pore size distribution was calculated using a non-local-density functional theory (NLDFT) method with a cylinder pore model in the Quantachrome’s routines. Field emission scanning electron microscope (FESEM) images were obtained in a JEOL JSM-6700F (Jeol, Tokyo, Japan). 29Si solid state magic angle spinning nuclear magnetic resonance (MAS-NMR) spectroscopy analysis was conducted on a Bruker Avance III 500 MHz spectrometer (Bruker, Karlsruhe, Germany) operating at the resonance frequency of 99.36 MHz. The NMR spectra were fitted with Gaussian functions for the quantitative deconvolution of overlapping peaks.



Temperature-programmed desorption of ammonia (NH3-TPD) was carried out in a TP-5076 TPD/TPR instrument (Xianquan, Tianjin, China) equipped with thermal conductivity detectors (TCD). About 100 mg of the sample was granulated and sieved into particles (200–400 µm) and activated at 823 K under the flow of argon for 1 h. After cooling to 393 K, the samples were saturated with NH3 for 1 h followed by degassing the samples for 30 min to remove the physically adsorbed NH3. After that, the temperature was increased to 873 K at a rate of 10 K/min, while desorption of NH3 was recorded. The Fourier transform infrared spectra (FTIR) of the Beta zeolite were measured on a Shimadzu IR Affinity-1 FTIR spectrometer (Shimadzu, Nakagyo-ku, Kyoto, Japan) at a resolution of 4 cm−1. The samples were prepared as self-supporting wafers (d = 15 mm) and activated in vacuum (p = 10−6 mbar) for 1 h at 673 K before the measurement. FTIR spectra of pyridine-adsorbed (Py-IR), 2,6-ditertbutylpyridine-adsorbed (DTBPy-IR), and pivalonitrile-adsorbed (Pn-IR) MBn were obtained on the same FTIR spectrometer. The samples were heated at 673 K under vacuum for 4 h before cooling to 423 K. The samples were then exposed to pyridine (p = 10−1 mbar) for 1 h and then outgassed (p = 10−6 mbar) at the measuring temperatures (423 K, 523 K, and 623 K) for 1 h to remove the physically adsorbed pyridine, followed by the collection of the spectra. The concentration of total Brönsted and Lewis acid sites of the samples was calculated from peaks intensities at 1545 cm−1 (BPy) and at 1455 cm−1 (LPy) in the Py-IR spectra. For quantification, molar integral extinction coefficients of 2.22 cm/µmol and 1.67 cm/µmol were used for Brönsted and Lewis acid sites, respectively. The concentration of external Brönsted acid sites at 423 K was determined using the peak intensity at 1616 cm−1 (BDTBPy) in the DTBPy-IR spectra (molar integral extinction coefficient: 2.84 cm/µmol). The concentration of external Lewis acid sites measured by Pn at 303 K were calculated from peak intensities at 2294 cm−1 (LPn) in the Pn-IR spectra (molar integral extinction coefficient: 0.11 cm/µmol(LPn)).




3.3. Catalytic Reaction Assessments


The liquid-phase benzylation of naphthalene with benzyl chloride (BC) was conducted in a 50 mL three-necked flask equipped with a reflux condenser at 368 K with a nephathalene to BC molar ratio of 2:1. Before the reaction, the catalyst was activated at 723 K under an atmosphere of air overnight. The solution of naphthalene in cyclohexane with a volume of 30 mL was added to the system including the catalyst (0.1 g), and heated at 368 K for 30 min, before 2 mL of BC was added. The mixture was continuously stirred at 368 K for 8 h. After the catalyst was separated by centrifugation, the solution was withdrawn to be analyzed on a gas chromatograph that was equipped with an FID detector (Agilent, Santa Clara, CA, USA) and a 60 m HP-5 capillary column. Based on the consumption of benzyl chloride as the benzylating agent, and the amount of nephathalene was in excess, the conversion was calculated using the following equation:


Conversion (%)=wt% of consumed benzylchloridewt% of initial benzylchloride×100%













4. Conclusions


Introducing organic moiety into the zeolite synthesis system by using organic functionalized fumed silica as the silicon source significantly increased the mesoporosity and external surface area of the resultant mesoporous Beta zeolites. In addition, the mesoporosity and external surface area increased gradually when the content of organic moiety increased. The increased mesoporosity improved the accessibility of acid sites, which was demonstrated using an infrared spectroscopy study of adsorbed probe molecules including pyridine (Py-IR), 2,6-ditertbutylpyridine (DTBPy-IR), and pivalonitrile (Pn-IR). The mesoporous Beta zeolite catalysts showed enhanced activity in the benzylation of naphthalene with benzyl chloride, not only because of the increased accessibility of acid sites, but also because of the improved diffusion ability of the reactants and products. Such high performance of the mesoporous Beta zeolite catalysts was strongly influenced by the mesoporosity, acid concentration, acid type, acid strength, and most importantly the accessibility of the acid sites. With the increased mesoporosity and improved accessibility of acid sites, such mesoporous Beta zeolites could also give great performances in many other acid-catalyzed reactions involving bulky molecules.
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Figure 1. XRD patterns of microporous Beta zeolite CB and mesoporous Beta zeolites MB1-4. 
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Figure 2. (a) N2 adsorption–desorption isotherms at 77 K and (b) pore size distribution of microporous Beta zeolite CB and mesoporous Beta zeolite MB1-4. 
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Figure 3. Scanning electron micrographs (SEM) of microporous Beta zeolite CB (a) and mesoporous Beta zeolite MB4 (b). 
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Figure 4. Partial enlargement of hydroxyl infrared (IR) spectra of microporous Beta zeolite CB and mesoporous Beta zeolite MB4. 
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Figure 5. 29Si MAS NMR spectra of microporous Beta zeolite CB and mesoporous Beta zeolite MB4. Solid line is the original data, the dash-dot line is the fitted data by Gaussian functions, and the dashed line is the cumulative fitted data. 
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Figure 6. Py-IR spectra of mesoporous zeolite MB4 after the desorption of pyridine (Py) at three different temperatures. 
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Figure 7. Illustration of the catalytic reaction of the benzylation of naphthalene with benzyl chloride (BC) over mesoporous Beta zeolite. 
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Figure 8. (a) The conversion of BC vs external surface area of the mesoporous Beta zeolites and the change with the accessibility of Brönsted acid sites. (b) Conversion of BC varies with the total acid amount and mesopore volume. (c) Conversion of BC varies with concentration of Lewis acid sites and their accessibility for mesoporous Beta zeolite MB1-4. 
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Table 1. Pore structure properties of microporous Beta zeolite CB and mesoporous Beta zeolite MB1-4.
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	Sample
	a SBET

(m2/g)
	b Smic

(m2/g)
	c SEXT

(m2/g)
	d Vmic

(cm3/g)
	e Vmeso

(cm3/g)





	CB
	742
	679
	63
	0.28
	0.05



	MB1
	764
	614
	150
	0.27
	0.15



	MB2
	764
	573
	191
	0.26
	0.24



	MB3
	814
	472
	342
	0.22
	0.50



	MB4
	931
	375
	556
	0.16
	0.92







a SBET is the BET surface area obtained from the N2 adsorption isotherm; b Smic is the micropore surface area; c SEXT is the external surface area; d Vmic is the micropore volume; e Vmeso is the mesopore volume (Vtotal − Vmic); Smic, SEXT, and Vmic were obtained from the T-plot method.
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