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Abstract

:

Hierarchical BEA zeolite was prepared through desilication or desilication followed by acid treatment. The catalytic performance of BEA zeolite samples was evaluated using Friedel-Crafts acylations with two substrates of different molecular sizes, furan (5.7 Å) and benzofuran (6.9 Å), in the presence of acetic anhydride as acylating agent. The application of the simplified Langmuir-Hinshelwood kinetic model showed that the size of the substrate leads to different catalytic activities, with improved rate constant and turnover frequency (TOF) solely in the presence of benzofuran for both desilicated and further acid treated samples. The mesopores developed during the zeolite treatments have an important role as transportation channels by reducing diffusion limitations. The application of Quantitative Structure–Property Relationships (QSPR) allowed the finding of the most relevant properties of the zeolite and substrate with impact on the catalytic parameters.
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1. Introduction


Friedel-Crafts reactions are among the best-known types of transformations of aromatic molecules. The name of these reactions derived from two chemists, named Charles Friedel and James Mason Crafts, who first studied these reactions around 1877 [1]. Typically, at the industrial level, these reactions occur in the presence of homogeneous catalysts such as AlCl3 or HF, with associated disposal problems. Quite often, separation and recovery are difficult. Several studies reported the use of alternative solid catalysts in liquid phase reactions [2,3]. Zeolites are solid materials with a unique combination of properties such as high surface area, well defined porosity, intrinsic acidity as well as high thermal and mechanical stability [4]. The application of zeolites in Friedel-Crafts acylation reactions have been reviewed by Clerici [5], Sartori and Maggi [6], Liang et al., [7] and, more recently, Nayak et al. [8]. In all cases, BEA (commercially known as Beta zeolite) and FAU (known as Y zeolite) are the most explored structures. It is also worth mentioning that commercial scale processes for the acylation of aromatic compounds (with acetic anhydride) have already been developed by Rhône-Poulenc (now Rhodia) using the BEA zeolite structure [9]. However, the purely microporous nature of zeolites has been reported as a drawback since the narrow pore apertures limit the diffusion of large molecules towards the inner active sites, which are also the most interesting ones from the perspective of industrial applications. The development of hierarchical zeolites, with mesoporosity in addition to the native micropores, seems to be a good strategy to improve accessibility and overcome the diffusion limitations [10]. The following two main strategies were attempted to attain this purpose: (i) synthesis of nano-sized crystals [11,12] that lead to gains in the external surface area, exposing a high number of pore openings that causes a fast desorption of large products; (ii) post-synthesis treatments such as desilication, using alkaline solutions such as NaOH. By changing the experimental conditions, namely the concentration of the alkali, temperature, and duration of the treatments, tuned mesoporosity can be achieved with improved catalytic performance [13]. However, as desilication treatments may also lead to the deposition of extra-framework Al species [14,15], an additional acid treatment is recommended to remove the debris. This strategy was widely used by Verboekend and co-workers [16] in their studies focused on MFI (also known as ZSM-5) zeolites. The same procedure was applied by other authors to other zeolite structures, some of which were used as heterogeneous catalysts in Friedel-Crafts reactions. For example, Wang et al. [17] modified BEA zeolite through an alkaline treatment with NaOH followed by acid leaching with HNO3. The characterization of the modified samples showed that, under the tested operational conditions, the mesoporosity was developed mainly through crystal aggregation. This feature caused some improvement in the Friedel-Crafts alkylation of mesytilene with benzyl alcohol since the large size of the substrate, and the respective reaction intermediates, lead to the occurrence of catalytic transformations mainly at the created intercrystalline mesopores. An identical methodology was followed by us in previous works [18,19], but our purpose was to use mild desilication or desilication and acid leaching conditions to develop intracrystalline mesoporosity and study its influence on Friedel-Crafts acylation of small substrates such as furan, pyrrole, and anisole with acetic anhydride as acylating agent. In all these studies, Quantitative Structure–Property Relationships (QSPR) were applied to rationalize which changes in the substrates’ characteristics (size, polarity, etc.) had more influence on the improvement of the catalytic behavior of Friedel-Crafts reactions in heterogeneous media. In the mentioned studies, hierarchical MWW (also known as MCM-22) [18] and BEA [19,20] materials were desilicated using 0.1 M NaOH solution followed, in some cases, by an acid treatment with 0.1 M HCl solution. In both cases, it was found that the desilication treatment, especially when followed by acid washing, caused an increase in product yield and rate constant. For the BEA structure, the application of kinetic models using nonlinear regressions showed that the Si/Al ratio of the parent materials had a strong influence on the catalytic behavior [19]. More recently, we enlarged the number of substrates, including substrates of different sizes and functionalities, and found that the mild conditions used to prepare the hierarchical catalyst did not lead to an increase in rate constant and product yield in the presence of large molecules such as benzofuran and benzothiophen [20]. In this context, the purpose of this study was to prepare hierarchical BEA zeolite through post-synthesis desilication followed by acid treatment, using the same strategy as before, but now, by using higher NaOH concentrations, we intend to tune the mesoporosity so that it enhances the catalytic performance in the presence of a larger substrate such as benzofuran. In line with our previous works [18,19,20], a Langmuir-Hinshelwood model was applied to quantify the catalytic parameters of the reaction and a multiple linear regression (MLR)-based QSPR methodology was used to find and quantify the combined effect of modifying both zeolite and substrate properties.




2. Results and Discussion


2.1. Materials Characterization


BEA zeolite (Si/Al ratio = 12.5) was subjected to alkaline treatment with 0.2 or 0.4 M NaOH solutions at 60 °C for 30 min and, in some cases, it was followed by an acid washing with 0.1 M HCl at 70 °C for 3 h. The samples were labeled as BEAx, where x is the NaOH concentration, followed by AT in the case of acid treated materials. The X-ray powder diffraction patterns of parent and modified samples, and the N2 adsorption isotherms at −196 °C were presented in a previous work [21]. The degree of crystallinity (%) of the modified samples, CXRD, estimated based on the area of the peak at 2θ around 22°, taking parent BEA as reference, and the textural parameters obtained from N2 isotherms are summarized in Table 1 and commented in brief.



As can be observed from the CXRD values, shown in Table 1, as the severity of basic treatment increased from 0.2 to 0.4 M NaOH, a decrease in CXRD occurs, being more pronounced for the BEA0.4 sample, as expected. Upon acid washing with HCl, no significant changes in CXRD are observed when compared to the samples submitted solely to the alkaline treatment.



The textural properties were evaluated through the analysis of the N2 adsorption isotherms measured at −196 °C and are shown in Table 1. The desilication step resulted in some decrease in Vmicro regardless of the concentration of the NaOH solution used, which can be attributed to some deposition of extra-framework species leading to the partial obstruction of the micropores. The acid treatment promoted the recovery of some Vmicro due to the leaching of extra-framework debris, especially in the case of the BEA0.2AT sample. The development of mesoporosity was achieved for the two desilicated samples and deepened upon acid leaching. However, for the acid treated samples, no significant gain was verified in Vmeso when the base concentration was increased from 0.2 to 0.4 M, although the value reached (0.49 cm3 g−1 for BEA0.2AT, and 0.48 cm3 g−1 for BEA0.4AT) was higher than the one obtained for the samples treated with 0.1 M NaOH reported in our previous study (0.44 cm3 g−1) [19]. Concerning the mesopore size distribution (Figure S1), for all samples, most pores’ apertures lie in the range 10–20 nm, but as the base concentration increased from 0.2 to 0.4 M, there was a progressive enlargement of the pores’ width greater than 20 nm, which was more evident in the BEA0.4AT sample.



The 29Si MAS-NMR spectra of parent and modified samples, presented in Figure 1 left, show an intense broad peak at around −111 ppm with a shoulder at ca. −114 ppm ascribed to two distinct crystallographic Si(OSi)4 environments (Q4 sites). A weak peak at ca. −103 ppm is attributed to Si(OH)(OSi)3 environments (Q3 sites), and a very weak resonance at ca. 92 ppm points to the presence of Si(OH)2(OSi)2 (Q2 sites). It must be stressed that these attributions were made based on our previous studies on cross-polarization for BEA samples desilicated with 0.1 M NaOH solution [19]. To gain a deeper understanding on the structural changes caused by the post-synthesis modifications of the BEA structure, the relative amount of Qn sites were estimated by fitting the spectra with Gaussian functions using Peak-Fit software.



The results listed in Table 2 show that for all samples Q4 sites prevail over Q3 and Q2 sites. The NaOH treatment resulted in the removal of Si atoms from Q4 positions, which becomes more pronounced with the increase in NaOH concentration. A small increase in Q3 species is in accordance with previous studies by Wang et al. [17]. On the other hand, an increase in Q2 positions, ascribed to SiOH groups, is attributed to the presence of silanol groups on the mesopore walls [17]. Upon acid treatment, there is almost no change in the Si amount at Q2 environments. An increase in the relative amount of Q4 sites as well as a decrease in Q3 sites was noticed. This is attributed to some partial removal of Al during the acid treatment and is due to the fragility of the zeolite structure upon treatment with NaOH.



The 27Al MAS-NMR spectra in Figure 1 right, show peaks located around 54–58 ppm ascribed to tetrahedral Al species and two peaks attributed to octahedral Al: a sharp one located at ca. 0 ppm and a broad one at ca. −5 ppm. The parent BEA sample contains a significant amount of extra-framework aluminum denoted by the peaks ascribed to Al in the octahedral position, which is not surprising due to the defects typically present on the BEA zeolite structure. The ratio between the integrated areas of the peak ascribed to tetrahedral positions and those attributed to octahedral sites (Altet/Aloct), estimated using Peak-Fit software, is also presented in Table 2. As can be observed, the desilication process led to a slight decrease in Altet/Aloct. This is due to the removal of framework Si leading to the accumulation of extra-framework Al owing to the treatment with NaOH. This effect is more pronounced in the case of BEA0.4 catalyst. In both cases, the acid treatment promotes the removal of extra-framework Al, in line with the values obtained for the textural parameters where some recovery of Vmicro and the increase in Vmeso are noted (see Table 1).



The infrared spectra for the adsorption of pyridine on Brönsted (B) and Lewis (L) acid sites in the spectral region 1300–1700 cm−1 upon degassing at 150 °C and 350 °C are shown in Figure 2. The characteristic bands attributed to pyridine adsorbed on Brönsted (B) sites, PyH+ at around 1545 cm−1, and to Lewis (L) sites, PyL, at about 1455 cm−1, were observed. In addition, an intense and sharp band located at 1490 cm−1 is observed in all the cases, which is ascribed to pyridine adsorbed on both types of acid sites. Table 1 presents the acid sites concentration ([B]pyr and [L]pyr) for parent and modified BEA, estimated from the integrated area of PyH+ and PyL bands and using the molar adsorption coefficients reported in the literature [22].



The spectra displayed in Figure 2 and the acid sites concentration in Table 1 show that the parent BEA sample presents a high concentration of Brönsted acid sites, though a large part is weak since only about 35% remain upon heating at 350 °C, whereas in the case of Lewis sites almost 80% remain, meaning that they are strong acid sites. Upon alkaline treatment, a small increase in [B]pyr concentration was observed, meaning that the textural modifications created due to alkaline treatments improved the accessibility of pyridine to Brönsted sites, as previously observed [19]. However, the strength of these Brönsted sites was penalized when the highest NaOH concentration was used, since only 37% of the sites remained upon heating at 350 °C for BEA0.4 against 47% for BEA0.2. In the case of Lewis acid sites, some loss of [L]pyr is noted. This loss is similar and independent of the base concentration, as well as the strength of the remaining sites upon desorption at 350 °C. The acid treatment had a different effect on the two samples, namely, BEA0.2 and BEA0.4. In the case of BEA0.2AT, a decrease in both [B]pyr and, especially, [L]pyr at 150 °C, is noticed. In the case of BEA0.4AT, a slight increase in [B]pyr compared to BEA0.4 is observed. This is a result of the increase in the mesoporosity due to the alkaline treatment of BEA followed by acid treatment (BEA0.2AT) leading to improved access of pyridine probe molecules to Brönsted acid sites. In addition, the decrease in Lewis acidity is less pronounced when compared to BEA0.2AT.




2.2. Results from Catalytic Reactions


The Friedel-Crafts acylation reactions were performed at 60 °C using two substrates of different sizes: a smaller molecule, furan, and a larger one, benzofuran. Based on their molar volume [20], their average diameters varied between 5.7 and 6.9 Å, which in both cases are lower than the average pore diameter of BEA zeolite [23]. In all cases, acetic anhydride was used as acylating agent. Figure 3 shows the variation in product yield as a function of reaction time for parent and treated zeolite samples. Product yields were calculated in terms of the acylated productswhich are always obtained in larger amounts. Although some additional products were sometimes detected, they were in very small amounts that could be attributed to the occurrence of secondary reactions. All curves in Figure 3a,b showed a similar trend, with a significant increase in product yield in the first few minutes of the reaction followed by a change in slope for reaction times greater than 10 min. A closer inspection of the curves showed a clear distinction between the results obtained with furan and benzofuran, with significantly higher product yields obtained consistently in the case of furan. It is also noted that the influence of the treatments is more expressive in the case of benzofuran, which indicates that the larger size of this molecule makes it more sensitive to the modifications performed on the catalyst.



A mathematical analysis of the results gives more insights into the effect of desilication, or desilication and acid treatment, on the Friedel-Crafts acylation of furan and benzofuran. Thus, the Langmuir-Hinshelwood model was used to determine the catalytic parameters for each reaction (see Materials and Methods). Furthermore, a QSPR analysis was performed to establish correlations between those parameters and the properties of the substrates and catalysts.




2.3. Kinetic Modelling


Table 3 presents the reaction rate constants (k) and the relative sorption equilibrium constants (Kr) obtained from the nonlinear regressions approach using the Langmuir-Hinshelwood model, as detailed in previous works [18,19], as well as the most relevant statistical information. Turnover frequencies (TOF) were estimated from the ratio of the rate constant, k, and the Brönsted acid sites concentration, [B]pyr at 150 °C, according to the assumptions made by Guidotti et al. [24].



The analysis of the data in Table 3 shows that all nonlinear regressions exhibit good statistics (high R2 and F values and low sfit). The obtained parameters allow us to quantify some of the aspects previously discussed during the analysis of product yields vs. reaction time plots (Figure 3). As observed before, there is a huge difference in the results obtained. Concerning the smaller substrate, furan, modified catalysts display rate constants and TOF values lower than the parent BEA catalyst. In our previous study using 0.1 M NaOH to desilicate the zeolite, under the same experimental conditions reported in this work, a different behavior was noted since desilicated and acid treated samples showed an increase in k of almost 2.5 times [20]. In the present case, the only similar trend to our previous studies is the decrease in Kr for the acid treated samples indicating the fast desorption of products, hindering the occurrence of secondary reactions. For benzofuran, a different scenario is observed. Indeed, besides the low k and TOF values, an enhancement of these parameters was seen for the desilicated and acid treated samples. This is more so in the case of BEA0.2AT with a 4 time-fold increase in k and a 4.3 time-fold rise in TOF, compared to parent BEA; regarding BEA0.4AT, a more modest increase of 1.8 for k and 1.7 times for TOF is obtained. In the case of Kr, a decrease is observed only for BEA0.4AT, which can be explained attending to the larger mesopore volume present in this sample that facilitates product desorption (see Figure S1). For the substrate benzofuran, the sole desilication treatment is not enough to improve the catalytic performance probably because the debris accumulated on the external surface/pore apertures hinders the access of benzofuran to the active sites, as predicted by the analysis of textural parameters (see Table 1).




2.4. Quantitative Structure-Property Relationship Analysis


The QSPR methodology was successfully applied in earlier works [18,19], in which model equations were used to correlate ln k and ln Kr with different zeolite and substrate properties’ descriptors. Based on the number of data points, the maximum number of descriptors selected was three and the house-built excel macro [19] generated the different multiple linear regressions (MLT) combining the various descriptors, allowing the choice of the best model equation on the basis of a series of judicious statistical criteria.



In this work, the approach had to be different since the number of data points was reduced and, more importantly, because there were only two substrates. This means that there was not sufficient variability in the substrate component. Therefore, the strategy to overcome this problem was to use already published data for other substrates, using the same parent zeolite as catalyst [20]. Additionally, to try to better pinpoint the nature of substrate contributions, Abraham’s solute parameters, V, E, S, A, and B were also used, with V being the McGowan characteristic solute volume in units of (cm3 mol−1)/100, E the solute excess molar refractivity in units of (cm3 mol−1)/10, measuring the induced dipole (polarization) solute-solvent interactions, S the dipolarity/polarizability parameter reflecting the interactions associated with both induced and fixed polarity, and A and B the overall hydrogen bond donating and hydrogen bond accepting capacities, respectively [25].



Table 4 summarizes the values of the Abraham solute parameters used in this work.



Table 5 shows the determination coefficients, r2, between different descriptors.



For the rate constant k, the best model equation obtained is the following:


ln k = (0.70 ± 0.04) + (0.30 ± 0.06)Vmicro − (1.06 ± 0.09)S



(1)






      (100%)          (100%)                 (100%)










N = 13; R2 = 0.940; R2adj = 0.928; sfit = 0.09; F = 78



(2)




where N is the number of points, sfit is the standard deviation of fit, R2 is the determination coefficient, R2adj is the adjusted determination coefficient, and F is the Fisher–Snedecor ratio. The significance level in the percentage of each descriptor’s coefficient is shown in brackets.



Considering that all descriptors were normalized, it is possible to say that ln k increases with Vmicro, the least important of the two descriptors, implying that these catalytic reactions occur mainly inside the micropores, meaning that mesopores are mainly important to enhance diffusion, in agreement with what was already reported in a previous work [19]. However, it is important to mention that there is a high correlation between Vmicro, CXRD, and Aext (Table 5), and thus it is not possible to evaluate independently the influence of each of these parameters on the kinetic constant.



With opposite and higher magnitude in the model equation is the S parameter. This parameter is also highly correlated with the E and V parameters. We can presume that dipolarity/polarizability (E and S) decrease the rate constant since stronger substrate-zeolite interactions result in the occupancy of active sites thus decreasing the reaction rate. However, it is not possible to overlook that the negative substrate size effect may be also included in the coefficient of the S parameter. It is interesting to note that, according to the above correlation, the increase in rate constant verified for benzofuran for desilicated and acid treated BEA zeolites (see Table 3) does not seem to be directly affected by the mesoporosity generation and acidity modifications that occurred as a consequence of the treatments. A possible reason lies in the fact that all substrates used in the correlation, including benzofuran, have molecular sizes that can fit the micropores of the BEA zeolite structure [23]. Nevertheless, the created mesoporosity has surely a positive impact on suppressing diffusion limitations that indirectly increase the reaction rate and improve the access to the active sites. Concerning the acidity, the absence of this property in Eq. 1 is not surprising since, as verified before, only a decrease of more than 50% in [B]pyr led to an increase in k [19], meaning that this reaction is not particularly demanding regarding the amount and strength of acid sites.



For the adsorption related equilibrium constant, Kr, the best-found equation was:


ln Kr = (0.36 ± 0.03) + (0.67 ± 0.08)S



(3)






     (100%)           (100%)










N = 12; R2 = 0.875; R2adj = 0.863; sfit = 0.08; F = 70



(4)







Results show no significant role of zeolite descriptors, and adsorption equilibrium is clearly driven by the S substrate parameter, with ln Kr increasing with the substrate dipolarity/polarizability. This fact, already observed in our previous work (although using another parameter, ETN, which includes a dipolarity component), suggests an increase in product adsorption with substrate dipolarity/polarizability [19]. However, as mentioned above, the S parameter is also correlated with the substrate size, so, once again, the substrate size cannot be discarded, and its effect may be considered in the coefficient of the S parameter. The substrate size would have also a positive contribution on ln Kr.





3. Materials and Methods


3.1. Materials


In the present study, commercially available chemicals were used without further purification and were purchased from Merck (Darmstadt, Germany). The parent zeolite material was the BEA structure with a Si/Al = 12.5. According to the technical report of the supplier (Zeolyst, Farmsum, The Netherlands), the zeolite sample, Lot. CP814E, has a Na2O weigh of 0.05% and a surface area of 680 m2 g−1. The zeolite was supplied as NH4BEA and was transformed into the protonic form through heat treatment under dry air (6 L h−1 g−1) at 500 °C for 3 h.




3.2. Preparation of the Hierarchical BEA Zeolite Samples


Hierarchical BEA samples were prepared through post-synthesis treatments using the methodology applied in our previous works [15,19,21]. In brief, the zeolite in its protonic form, herein designated as BEA, was submitted to an alkaline treatment with 0.2 or 0.4 M NaOH (p.a.), using a liquid/solid ratio of 30 mL g−1 for 30 min at 60 °C, under vigorous stirring. The solid was recovered by centrifugation, washed, and dried. To account for some Na exchange during the alkaline treatment, the samples were reconverted to the protonic form by ion exchange with a 2 M NH4NO3 (p.a.) solution using a liquid/solid relation of 25 mL g−1 at 80 °C for 6 h. The solid was recovered using the same procedure described before, followed by calcination at 500 °C for 3 h under dry air. The desilicated samples were further submitted to an acid treatment with 0.1 M HCl (p.a., fuming 37%), with a liquid/solid ratio of 30 mL g−1 at 70 °C for 3 h. The solid was recovered as described above and the modified samples were designated as BEAx, where “x” corresponds to the NaOH concentration, followed by “AT” when the samples were submitted to acid treatment.




3.3. Physicochemical Characterization


Parent and hierarchical materials were characterized through several techniques; some of them were already thoroughly described in previous works [19,21]. The structural characterization was carried out using X-ray powder diffraction (Philips, Analytical PW 350/60 X’Pert PRO with X’Celerated detector, Almelo, The Netherlands). The diffractograms were acquired at room temperature using CuKα radiation as the incident beam, by continuous scanning from 5 to 40 (°2θ), with a step size of 0.017 °2θ and using a time per step of 20 s.



The 29Si magic-angle spinning (MAS) NMR spectra were recorded in a Bruker Avance III 400 NMR (9.4 T) (Bruker, Billerica, MA, USA) wide-bore spectrometer at 79.5 MHz on a double-resonance 7 mm Bruker probe with a 5 kHz spinning rate, 45° radio-frequency (RF) pulses, and a 60 s recycle delay. The acquisition parameters for the 29Si cross-polarization MAS are: 1H and 29Si 90° pulses set to 2 and 6 ms, corresponding to a RF field strength of 125 and 42 kHz, respectively. The CP step was implemented using a contact time of 2 ms with a ramp shape in the 1H channel of 50–100% and 29Si RF field strength of 66 kHz. During the acquisition, SPINAL-64 decoupling with a RF field strength of 50 kHz (SPINAL basic pulse length of 9.5 ms) was employed. Chemical shifts are quoted in ppm from tetramethylsilane (TMS). The 27Al MAS NMR spectra were recorded on a Bruker Avance III HD (Bruker, Billerica, MA, USA) 700 MHz (16.4 T) narrow-bore spectrometer at 182.4 MHz on a double-resonance 4 mm Bruker probe with a 15 kHz spinning rate. Single quantum (‘normal’) spectra were recorded using a short RF pulse of 0.27 μs (equivalent to a π/18 flip angle), calibrated on an aqueous solution of Al(NO3)3, with 100 kHz field strength and 0.5 s recycle delay.



The textural characterization was carried out using N2 adsorption at −196 °C using an automatic apparatus Micromeritics ASAP 2010 (Micromeritics Instruments Corporation, Norcross, GA, USA). Prior to the isotherm measurement, the samples (around 50 mg) were outgassed at 300 °C for 3 h under vacuum higher than 10−2 Pa. The micropore volume, Vmicro, and external area, Aext, were quantified by applying the αs method, using the standard isotherm obtained for non-porous silica as reference material [26]. The Vmicro corresponds to the back extrapolation of the linear region of αs plot defined by the experimental points that correspond to αs > 1, whereas Aext was obtained using the slope. The mesoporous volume, Vmeso, was quantified from the difference between Vtotal and Vmicro, where Vtotal is the total pore volume and corresponds to the N2 volume adsorbed at a relative pressure of 0.95, according to the Gurvitch rule [26]. The mesopore size distribution was obtained through Hybrid Density Functional Theory (DFT Plus ® V2.01 for ASAP 2010 V5.00), assuming cylindrical pore shape. The acidity characterization was carried out using pyridine adsorption followed by FTIR spectroscopy using a Nicolet spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Initially, the samples (around 10 mg cm−2) were outgassed at 450 °C for 3 h (vacuum better than 10−6 mbar. After evacuation, the wafers were cooled to room temperature, and the initial (base) spectrum was recorded. The wafers were then exposed to pyridine vapour (2.6 × 102 Pa) for 20 min for saturation at ambient temperature. After 2 h under vacuum for the evacuation of the physisorbed pyridine, the spectra were recorded (64 scans, resolution 4 cm−1). The wafers were then heated for 1.5 h at 150 °C and, in a second step, to 350 °C. Then the spectra of chemisorbed pyridine were recorded. The background spectrum, recorded under identical operating condition, without sample, was always performed before each spectrum and automatically subtracted. The band intensities were corrected from slight differences in sample weight, band areas were calculated by fitting the spectral profiles with a Gaussian function using Peak-Fit® software and the concentration of acid sites was estimated according to Emeis [22].




3.4. Catalytic Experiments


The catalytic studies were performed in a three-necked round-bottom flask equipped with a reflux condenser, using a heating plate with temperature control (IKA C-MagHS7, Staufen, Germany). In a standard experiment, each of the substrates, furan (purity > 99%, 0.71 g, i.e., 10.5 mmol) or benzofuran (purity > 99%, 1.24 g, i.e., 10.5 mmol), were mixed with acetic anhydride as acylating agent (purity > 99%, 5.4 g, i.e., 52.5 mmol). In both cases, the ratio between substrate and acylating agent is equal to 5. The reagents were added to a sample of parent or modified BEA zeolite (150 mg). The suspensions were heated at 60 °C and, periodically, small aliquots were withdrawn from the reaction mixture using a hypodermic syringe and filtered with a membrane filter (Millipore Swinnex support with a Millipore Durapore 0.45 μm). Upon quenching in an ice bath, to “stop” the reaction, each aliquot was analyzed by gas chromatography using a Perkin Elmer Auto System (Perkin Elmer, Norwalk, CT, USA) equipped with a FID detector, using N2 as carrier gas and a 30 m DB-5MS capillary column from Agilent (Santa Clara, CA, USA). All products and unconverted reactants were identified by comparison of the retention times with those of previously injected standard samples and the signals were integrated using DataApex CSW32 software (DataApex, Prague, Czech Republic).




3.5. Kinetic Studies


The Langmuir-Hinshelwood model is the kinetic model that best describes liquid phase reactions catalysed by porous materials. This model takes into consideration the competition between reactants and products for the active sites in the pores of the catalyst. In addition, the model admits that, although only one molecule can be adsorbed at the active sites, either reactants or products may block the access to the inner active sites [27,28]. The reaction scheme can be represented as:


A(ads) + S(ads) → P(ads)



(5)




where A is the acylating agent, S is the substrate, and P is the acylated product. Based on the methodology presented in our previous studies [18,19,20], the reaction rate, r, can be expressed after simplification as:


  r ≅   k  [ A ]   [ S ]       (   [ A ]  +  [ S ]  +  K r   [ P ]   )   2     



(6)




where k represents the rate constant of the rate determining step and Kr represents the ratio of the adsorption equilibrium constant of the product(s) and the normalized equilibrium constant of the reagents. The values of k and Kr as well as the corresponding statistical parameters are estimated through nonlinear regression using Table Curve 2D software 5.0.1.





4. Conclusions


In this study, BEA zeolite was modified through desilication or desilication and acid treatments, aiming to improve its catalytic performance in Friedel-Crafts acylation reactions using two substrates with the same functionality but distinct molecular sizes: furan and benzofuran. The characterization of the samples showed that textural and acidity modifications were obtained as a consequence of the treatments. The catalytic results showed different behaviors according to the molecular size of the substrate. In the case of furan, besides the high yields attained, all modified samples presented lower rate constants and TOFs when compared to the parent BEA zeolite. In the case of benzofuran, despite the low yields, the desilicated and acid treated samples showed higher k and TOFs, especially BEA0.2AT, meaning that the zeolite modifications had a positive impact when using larger molecules, as desired.



The correlations between ln k and ln Kr with different zeolite and substrate properties’ descriptors using a QSPR methodology showed that the increase in rate constant, k, is positively influenced by Vmicro, meaning that the catalytic reactions still occur mainly inside the micropores. However, it must be emphasized that the generated mesopores have an important role as transportation channels by lowering diffusional limitations, which indirectly increases the reaction rate. The results also indicate the role of stronger substrate-zeolite interactions, assessed with the S parameter, which decreases the reaction rate. The relative sorption equilibrium constant, Kr, is affected by properties associated with the substrate, namely the S parameter, related to dipolarity/polarizability, as well as the substrate size.



In summary, this study led us to conclude that even when performing treatments in harsher conditions, using higher NaOH concentrations, the properties with a strong influence on the variation of the catalytic parameters are the same as those observed when the zeolite is treated using milder conditions, most probably because the substrate molecule benzofuran is still not large enough to duly probe the direct effect of mesopores, although this secondary pore system does have an important but indirect role as a transportation channel by reducing diffusion limitations.
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Figure 1. 29Si MAS-NMR (left) and 27Al MAS-NMR (right) spectra of parent and modified samples. (a) BEA; (b) BEA0.2; (c) BEA0.2AT; (d) BEA0.4; (e) BEA0.4AT. 
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Figure 2. Infrared spectra of parent and treated BEA after pyridine adsorption on (B) Brönsted and (L) Lewis acid sites upon degassing at (a)150 °C and (b) 350 °C. 
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Figure 3. Product yield as a function of reaction time for parent and treated BEA zeolite. Effect of concentration of NaOH (a) 0.2 M and (b) 0.4 M on the desilication and catalytic activity of BEA. Full symbols for furane and empty symbols for benzofuran. (The dashed curves represent calculated values obtained from the kinetic model.). 
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Table 1. Degree of crystallinity, CXRD, textural parameters, and Brönsted [B]pyr and Lewis [L]pyr acid sites concentration.
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Catalyst

	
CXRD1

(%)

	
Vmicro2

(cm3 g−1)

	
Vmeso2

(cm3 g−1)

	
Aext2

(m2 g−1)

	
[B]pyr 3 (mmol g−1)

T =150 °C T =350 °C

	
[L]pyr 3(mmol g−1)

T =150 °C T =350 °C






	
BEA

	
100

	
0.17

	
0.40

	
246

	
0.225

	
0.078

	
0.273

	
0.212




	
BEA0.2

	
87

	
0.13

	
0.42

	
211

	
0.238

	
0.105

	
0.231

	
0.176




	
BEA0.2AT

	
90

	
0.15

	
0.49

	
237

	
0.208

	
0.112

	
0.093

	
0.090




	
BEA0.4

	
76

	
0.12

	
0.43

	
191

	
0.237

	
0.087

	
0.230

	
0.172




	
BEA0.4AT

	
74

	
0.13

	
0.48

	
190

	
0.243

	
0.101

	
0.143

	
0.129








1 Calculated from powder X-ray diffraction patterns, taking parent BEA as reference. 2 Textural parameters quantified from low temperature N2 adsorption isotherms: Vmicro (micropore volume), Vmeso (mesopore volume), and Aext (external surface area). 3 Values estimated from pyridine adsorption followed by FTIR, after pyridine adsorption at room temperature upon heat treatment at 150 °C and 350 °C for 1.5 h.
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Table 2. Relative amount (expressed in %) of Qn (n = 4–2) sites ascertained from 29SiMAS-NMR and tetrahedral-to-octahedral Al ratio (Altet/Aloct) determined from 27Al MAS-NMR.
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	Catalyst
	Q4
	Q3
	Q2
	Altet/Aloct





	BEA
	57
	33
	9
	2.4



	BEA0.2
	53
	35
	11
	2.3



	BEA0.2AT
	56
	32
	12
	2.7



	BEA0.4
	50
	37
	11
	2.1



	BEA0.4AT
	54
	35
	11
	3.1
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Table 3. Rate constants (k), turnover frequencies (TOF), and relative sorption equilibrium constants (Kr) of Friedel-Crafts acylation reaction of furan and benzofuran with acetic anhydride. Also presented are the fits’ statistical figures of merit: determination coefficient (R2), regression standard deviation of fit (sfit), and Fisher–Snedecor parameter (F).






Table 3. Rate constants (k), turnover frequencies (TOF), and relative sorption equilibrium constants (Kr) of Friedel-Crafts acylation reaction of furan and benzofuran with acetic anhydride. Also presented are the fits’ statistical figures of merit: determination coefficient (R2), regression standard deviation of fit (sfit), and Fisher–Snedecor parameter (F).





	Catalyst
	Substrate
	k

(mmol min−1 g−1)
	TOF

(min−1)
	Kr
	R2
	sfit
	F





	BEA
	Furan
	65 ± 2
	289
	8.0 ± 0.6
	0.992
	0.275
	1021



	BEA0.2
	Furan
	53 ± 4
	222
	7 ± 2
	0.958
	0.549
	160



	BEA0.2AT
	Furan
	26.4 ± 0.8
	127
	4.0 ± 0.5
	0.990
	0.142
	710



	BEA0.4
	Furan
	46 ± 1
	194
	9.1 ± 0.9
	0.995
	0.195
	663



	BEA0.4AT
	Furan
	17 ± 2
	70
	1.3 ± 0.8
	0.903
	0.274
	56



	BEA
	Benzofuran
	1.30 ± 0.03
	5.8
	25 ± 2
	0.984
	0.005
	494



	BEA0.2
	Benzofuran
	1.32 ± 0.06
	5.5
	41 ± 5
	0.959
	0.009
	142



	BEA0.2AT
	Benzofuran
	5.2 ± 0.6
	25
	33 ± 8
	0.905
	0.083
	47



	BEA0.4
	Benzofuran
	0.95 ± 0.06
	5.0
	35 ± 6
	0.961
	0.009
	73



	BEA0.4AT
	Benzofuran
	2.38 ± 0.08
	9.8
	12 ± 2
	0.962
	0.016
	125
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Table 4. Substrate descriptors used in this work [25].
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	Substrate
	E
	S
	A
	B
	V





	Furan
	0.370
	0.510
	0.000
	0.130
	0.5363



	Benzofuran
	0.890
	0.830
	0.000
	0.150
	0.9053



	Thiophene
	0.687
	0.570
	0.000
	0.150
	0.6411



	Pyrrole
	0.613
	0.730
	0.410
	0.290
	0.5570



	Indole
	1.200
	1.260
	0.440
	0.180
	0.9464



	Anisole
	0.710
	0.750
	0.000
	0.290
	0.9160
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Table 5. Descriptors’ correlation matrix *.
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	r2
	CXRD
	Vmicro
	Vmeso
	Aext
	[B]pyr
	[L]pyr
	E
	S
	A
	B
	V





	CXRD
	1.0
	
	
	
	
	
	
	
	
	
	



	Vmicro
	0.89
	1.0
	
	
	
	
	
	
	
	
	



	Vmeso
	0.41
	0.26
	1.0
	
	
	
	
	
	
	
	



	Aext
	0.95
	0.91
	0.21
	1.0
	
	
	
	
	
	
	



	[B]pyr
	0.37
	0.37
	0.01
	0.58
	1.0
	
	
	
	
	
	



	[L]pyr
	0.30
	0.20
	0.98
	0.13
	0.05
	1.0
	
	
	
	
	



	E
	0.03
	0.04
	0.03
	0.03
	0.00
	0.03
	1.0
	
	
	
	



	S
	0.04
	0.05
	0.03
	0.04
	0.01
	0.03
	0.88
	1.0
	
	
	



	A
	0.17
	0.19
	0.13
	0.14
	0.02
	0.12
	0.13
	0.33
	1.0
	
	



	B
	0.23
	0.25
	0.17
	0.19
	0.03
	0.16
	0.05
	0.08
	0.28
	1.0
	



	V
	0.01
	0.01
	0.11
	0.01
	0.00
	0.00
	0.85
	0.68
	0.01
	0.05
	1.0







* Values of the determination coefficients, r2, higher than 0.5 are presented in bold.
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