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Abstract

:

Mordenites are widely used in catalysis and environmental protection. The catalytic properties of mordenite are largely determined by the composition of its crystal framework, i.e., the SiO2/Al2O3 molar ratio (MR), and the cationic form. In H-mordenites, the most important characteristic becomes the structure and distribution of acid sites, which depends on the number and distribution of Al tetrahedra in the framework. In the present work, the local structure of these centers in H-mordenite catalysts with a nominal MR varied from 9.9 to 19.8 was studied in detail using a combination of magic angle spinning nuclear magnetic resonance (MAS NMR) and Fourier transform infrared spectroscopy (FTIR). 27Al MAS NMR indicates the presence of extra-framework Al in most of the studied samples that results in a higher real MR of the zeolitic framework compared to the nominal value. Concentrations of Lewis and Brønsted acid sites, as well as of silanol groups were estimated by elemental analysis, NMR, and FTIR spectroscopy. The values of site concentrations obtained from band intensities of adsorbed CO and those of OH groups are compared with the amount of framework and extra-framework aluminum. The advantages and restrictions of different methods of active site characterization are discussed.
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1. Introduction


Zeolites are crystalline aluminosilicates with open three-dimensional frameworks constructed of [SiO4]4− and [AlO4]5– tetrahedra connected to each other by oxygen bridges to form regular intracrystalline cavities and channels, where the extra-framework cations (such as Na+, K+, NH4+, Ca2+, etc.), which compensate the negative charge of the framework are located [1]. Depending on the structural type, the size of the formed voids varies from 0.3 to 1.0 nm [2]. Due to their unique structural and chemical properties, such as ion exchange, developed inner surface, etc., that are vital for a wide range of industries, interest in zeolites does not weaken [3]. The two main applications of zeolites as molecular sieves and ion exchangers have made natural zeolites the most sought minerals on the market [4]. Until recently, synthetic zeolites have dominated the field of catalysis [5,6]. Current tendencies in the development of zeolites and zeolite-based materials include the adaptation of their properties, such as cationic composition [7,8], porosity [9,10,11], acidity [12,13,14] for a specific application, which, in addition to being used in catalysis, involves their use as adsorbents, biocides, as platforms for supporting active components in medicine and pharmacy, etc. [15,16,17,18,19].



Mordenite belongs to the so-called “big five” zeolites (ZSM-5, beta-zeolite, mordenite, faujasite, and ferrierite), which are widely used in industry as catalysts [20]. It crystallizes in an orthorhombic lattice with a system of main channels (formed by 12-membered rings, 0.7 × 0.65 nm) and small channels (formed by 8-membered rings, 0.57 × 0.26 nm) oriented along the c-axis and interconnected through side pockets [2]. The structure of mordenite is stable in a fairly wide range of SiO2/Al2O3 molar ratios (MR) (from 10 to ∞). A change in the Al content while keeping the framework topology results in very strong differences in properties associated with changes in the arrangement of cation exchange centers ([AlO4]5– tetrahedra), not counting the generation of various kinds of defects in it, which determines the observed changes in properties [21,22,23,24]. The presence of different types of channel systems with available Brönsted acid sites determines the wide applicability of mordenite in various catalytic reactions such as synthesis and separation of hydrocarbons [25,26], dehydration of methanol [27], de-NOx catalysis [28,29], etc. It is also used as a form-selective catalyst [30,31].



Catalytic properties of mordenites are essentially governed by their MR [23,24]. A study of acidity over a wide range of SiO2/Al2O3 molar ratios (from 10 to 206) [32] showed a volcano-shape dependence of mordenite acidity on the SiO2/Al2O3 value. The ammonia desorption peak temperature can be considered a measure of the strength of the acid sites. A decrease in the peak temperature in spectra of temperature-programmed desorption of ammonia correlates with a decrease in acid strength [33]. Maximum acidity was observed for the sample with MR = 15, followed by MR = 20 [32]. Similarly, studies of copper-exchanged mordenite obtained from this set of protonated mordenites showed that the maximum acidity value and the strongest acid centers were present in the mordenite with MR = 15, confirming the importance of these acid centers in various processes. Thus, the transition from the change in acidity increase with increasing MP to the decrease in acidity with its further growth occurs exactly in the range from 10 to 20, which causes interest in a detailed study of the processes occurring in the structure of mordenite.



Studies in a wide range of MR from 10 to 206 of copper-exchanged mordenites obtained from a protonated form have shown that the maximum value of acidity and the strongest acid centers are present in mordenite with MR = 15 [23]. However, the reasons for such selectivity are still unclear, but they can be associated with Brønsted acid site locations. A comprehensive Fourier transform infrared (FTIR) study of protonated mordenites prepared from industrial Na mordenites with MR = 14.6 by treatment in NH4NO3 solution followed by calcination demonstrated the existence of at least six distinct Brønsted acid sites [34]. For the purely acidic H-mordenite sample they found the following distribution between the Brønsted acid sites localization: in the small channels (25%), in the intersections between the side pockets (~13%), and the rest in the main channels.



In addition, the properties of protonated zeolites in general, and mordenites in particular, depend on the synthesis method [35,36,37,38]. Our recent study of two H-mordenites with MR close to 15, but synthetized in two different ways: by acid etching and from NH4–form, showed an essential difference in sample topology, morphology, element distribution, and acid site [39].



In the present paper, we report the results of a comparative study of a wider set of mordenite samples with MR varied from 9.9 to 19.8 that was carried out by various technics, including nuclear magnetic resonance (NMR) and FTIR spectroscopy, two complimentary methods that provide information about the local structure of the studied materials.




2. Results and Discussion


A set of samples of protonated mordenite manufactured by TOSOH Co., Tokyo, Japan, with nominal SiO2/Al2O3 ratios of 9.9, 15.0, 15.2, 15.7, 15.8, 18.7, and 19.8, respectively, was studied. Further in the work, the samples will be referred to as H-MOR-X, where X is the corresponding nominal MR of the sample.



2.1. Elemental Analysis


Since heterogeneous catalytic reactions take place on surface sites, studies of the distribution of active centers on the catalyst surface are of great importance. However, the distribution of elements in a zeolite catalyst crystal is usually inhomogeneous [40]. From this point of view, for a more complete understanding of the elemental composition of the sample, it is necessary to apply complementary methods with different depth vision: X-ray photoelectron spectroscopy (XPS) that provides information on the penetration depth between 1 and 10 nm [41], energy dispersive spectroscopy (EDS) with deeper vision, up to 1000 nm [42], and inductively coupled plasma—optical emission spectroscopy (ICP-OES) that provides information about the gross composition of the substance.



The SiO2/Al2O3 ratio for the studied samples as determined by the XPS, EDS, and ICP-OES methods, is listed in Table 1. The original ICP-OES data for element composition (Si, Al, and Na content) are given in Supplementary Materials, Table S1. As one can see, MR for the bulk as determined from ICP-OES systematically underestimate the nominal value by about 10%, whereas XPS for all the samples, except for H-MOR-18.7, shows a noticeably higher MR, which may essentially exceed the nominal value. EDS provides intermediate values closer to bulk ICP-OES, which is correlate with its penetration depths. Such a discrepancy between the bulk and surface composition is issued by inhomogeneity of the Al distribution over the depth of the sample crystals, especially for the samples in the middle of the studied MR range: all the samples, except H-MOR-18.7, for which the element distribution is quite uniform, dealumination is observed on the surface, most clearly pronounced for H-MOR-15.2, H-MOR-15.7, and H-MOR-15.8. The problem of such diversity can be related to the sample preparation method.



According to the ICP-OES data, there is a slight admixture of Na in the H-MOR-15.2 and H-MOR-15.7 samples (Na/Al = 0.09 and 0.07, respectively), which may indirectly indicate the method of sample synthesis. The samples were supplied by TOSOH, Japan, and the details of their synthesis are unknown. However, one can assume that, at least for these two samples, the H-mordenites were obtained from the original Na form.




2.2. X-ray Diffraction Studies


Powder X-ray diffraction (XRD) patterns of the studied H-MOR series are shown in Figure 1a. The XRD analysis confirms that all the samples retain the mordenite crystalline structure, and no peaks corresponding to other phases are observed. The lattice parameters for the studied samples, as well as the unit cell volume, are listed in Table 2. As can be seen from Table 2, the c parameter changes slightly and monotonously decreases with MR increasing, whereas the changes in a and b look rather sporadic. However, if one introduces the so-called contraction parameter K = a/b, which reflects the contraction of the main mordenite channel [36,43], one can see, in Figure 1b, that for the samples H-MOR-15.2, H-MOR-15.7, H-MOR-15.8 the K parameter is out of the general trend and is essentially higher comparing to the rest of the samples. This indicates a change in the shape of channels in the samples with the corresponding MR, which may be a consequence of the different arrangement of Al tetrahedra, and, accordingly, compensating cations and/or Brønsted acid sites the zeolite structure, or relatively high amount of extra-framework Al, as it will be shown in Section 2.5.1.




2.3. SEM Studies


The morphology of the samples was studied by scanning electron microscopy (SEM). SEM images for the studied samples are shown in Figure 2. The studied samples can be classified into two groups according to their morphology. The crystallite shape of the majority of the samples (H-MOR-9.9, H-MOR-15.0, H-MOR-15.8, H-MOR-18.7, H-MOR-19.8) can be described as individual crystals in the form of fibers, the length of which varies from 200 to 800 nm, combined in parallel into agglomerates ranging in size from 400 nm to 10 microns. However, two samples stand out from the overall picture, namely H-MOR-15.2 and H-MOR-15.7. SEM images evidence crystallites in a form of plates of several μm that form a “shell” with a size of 20–100 μm. Such a morphology is probably related to the different methods of synthesis of these two samples (we remind that the presence of Na was detected by ICP-OES).




2.4. Thermogravimetric Analysis


Figure 3a shows the thermogravimetric (TG) curves for all the studied samples. For the convenience of data analysis, typical differentiated TG (DTG) curves are shown in Figure 3b. As one can see, the total mass loss within the studied temperature range noticeably varies from sample to sample, without any correlation with the MR ratio, but the samples can be divided into two groups according to the shape of the TG curve.



The first group that includes H-MOR-15.2, H-MOR-15.7, H-MOR-15.8, and H-MOR-18.7 exhibits a sharp mass loss below 250 °C that can be divided into two Gaussian peaks on DTG associated with water release from the main mordenite channel (below 100 °C), and from side pockets (between 100 and 250 °C) [44] (the low water content for H-MOR-18.7 may be associated with partial destruction of the mordenite framework during post-synthesis treatment [29,30]). However, even above 250 °C, a linear mass loss is observed, which is not reflected in DTG and is related to the dehydroxylation [43]. H-MOR-15.8 demonstrates the greatest slope of the TG curve in this temperature range, which points out the presence of the largest amount of hydroxyls. The other samples, H-MOR-9.9, H-MOR-15.0, and H-MOR-19.8, in addition to the water release below 250 °C, simultaneously with the slope of the TG curve associated with dihydroxylation, show an additional peak on DTG that can be attributed to the ammonium decomposition [39]. The latter was confirmed by IR spectroscopy and NMR data, see Section 2.5 and Section 2.6.




2.5. NMR Characterization


2.5.1. 27Al and 29Si MAS NMR


It is known that the methods used to synthetize H-form zeolites are often quite invasive and result in a partial collapse of the framework [45]. To estimate a share of extra-framework aluminum, we used 27Al MAS NMR spectroscopy. The spectra shown in Figure 4a indicate that the majority of Al are in regular tetrahedral framework sites (a signal at about 57 ppm); however, for almost all samples, a signal appears at approximately 0 ppm that corresponds to the extra-framework octahedral Al.



The strongest signals of extra-framework Al, about 25% of total intensity, are observed for the samples H-MOR-15.2, H-MOR-15.7, and H-MOR-15.8. It should be noted that for these samples the main 27Al signal is observed at 56 ppm, whereas for others at 57 ppm (H-MOR-9.9 andH-MOR-15.0), and at 58 ppm (H-MOR-18.9 and H-MOR-19.8), which can be related with a preparation method and, as a consequence, the local environment of AlO4 tetrahedra (the presence of NH4+ cation will be discussed later). For H-MOR-19.8, an additional large signal is observed at 47 ppm. This signal can be attributed to four-coordinated aluminum sites (Altetra-II), but with a strong quadrupole interaction [46,47] due to distortion of the AlO4 tetrahedra. Accounting for the quantity of extra-framework Al, we recalculated the SiO2/Al2O3 that can be attributed to the zeolite and listed it in Table 1 for easier comparison with the results obtained by other methods It is interesting that, with the exception of H-MOR-9.9 andH-MOR-15.0, for all other samples, the corrected 27Al MAS NMR data results in a SiO2/Al2O3 ratio close to 18.



The 29Si MAS NMR spectra of the studied H-mordenite samples are shown in Figure 4b. The spectra can be well described by a superposition of a set of Gaussian lines (from two to four) centered at about −112, −105, −100, and −93, which can be assigned to the Q4(nAl) (n = 0, 1, 2, and 3) Si sites, for which the nearest environment (neighboring tetrahedra) contains n Al atoms, respectively [24]. The positions of individual spectral lines, as well as their integral intensities, are listed in Table 3. With increasing SiO2/Al2O3 (both nominal and determined by ICP-OES or corrected for 27Al NMR), one can see that, contrary to what is expected, a redistribution between the integral intensities of the Q4(0Al) and Q4(1Al) lines is not monotonous; the most obvious is a sharp increase in the contribution of Q4(0Al) with the complete absence of Q4(2Al) for H-MOR-18.7. Moreover, for H-MOR-18.7 and H-MOR-19.8, an additional signal at about −114 ppm is observed that is characteristic of high siliceous mordenites [48].



It is known that 29Si MAS NMR can also be used to determine the SiO2/Al2O3 ratio related directly to the zeolite framework [49]. Assuming the Löwenstein rule [50], which was deduced from electrostatic reasons and was proved recently within a more rigorous approach [51], according to which Al–O–Al bonds are not allowed, the SiO2/Al2O3 ratio can be estimated as follows [48]:


      SiO  2      Al  2   O 3    = 2 ·   Si   Al   = 2 ·     ∑   i = 0  4   I   Q 4    n Al         ∑   i = 0  4   n 4     I   Q 4    n Al         ,  



(1)




where    I   Q 4    n Al       is the peak areas of individual 29Si NMR lines attributed to Q4(0Al). However, for the H-MOR-15.2, H-MOR-15.7, and H-MOR-15.8 samples such an assignment results in a SiO2/Al2O3 value of half as much as compared to both nominal and determined by ICP-OES or corrected for 27Al NMR. It should be noted that the Q4(2Al) signal in mordenite may overlap with Q3(Al0) [52,53]. As it will be shown in Section 2.6, these samples demonstrate the presence of a large number of silanol groups, several times larger than other samples. This allows us to assume that for H-MOR-15.2, H-MOR-15.7, and H-MOR-15.8 the main contribution to the signal at −100 ppm is not due to Q4(2Al), but Q3(0Al) sites. The SiO2/Al2O3 ratios determined from 29Si NMR according to this assignment spectra are also listed in Table 1, and, as one can see, it is in reasonable agreement with the values determined by other methods.




2.5.2. 1H MAS NMR


1H MAS NMR spectra were acquired at a rotor frequency (νrot) of 15 kHz for the samples without any pretreatment are shown in Figure 5a and are referred as “fully hydrated”.



As one can see, the samples can be divided into two groups. H-MOR-9.9, H-MOR-15.0, H-MOR-18.7, and H-MOR-19.8, are characterized by two intense signals at about 7 ppm (L2) and 4 ppm (L3), and two signals of essentially lower intensity around 9 ppm (L1) and 1 ppm (L4). The 1H isotropic chemical shift δiso, as well as the relative integral intensities of individual spectral lines, are listed in Table 4.



To assign lines, the samples were softly dehydrated at 100 °C in order to evacuate weakly bounded water (the procedure of dehydration is described in Section 3); the 1H MAS NMR spectra for these pre-dried samples referred as “partly dehydrated”, are shown in Figure 5b. Partial dehydration results in a redistribution of integral intensities between different components without a significant effect on δiso. The 1H NMR spectra for MOR-15.2, H-MOR-15.7, and H-MOR-15.8 consist of one intense line at about 5.3 ppm (L3′) and three lines at about 9 ppm (L1′), 7 ppm (L2′) and 1 ppm (L4′). Partial dehydration, besides the redistribution between the line intensities, results in changes in chemical shifts for L1′, L2′, and L3′ up to 1 ppm for L2′ (see Table 4). Line L3 for the first group of samples and L3′ for the second one can be attributed to protons of bulk water. In bulk water molecules form an extensive network of hydrogen bonds, which results in a chemical shift of about 5.5 ppm; however, interaction with a negatively charged zeolite framework and/or cations may lead to a shift towards greater or smaller ppm [54].



The signal near 1 ppm (L4 and L4′) is normally attributed to silanol protons not coordinated by water molecules. Extra-framework Al(OH)n complexes also contribute to this range of 1H chemical shifts. The line L2 in H-MOR-9.9, H-MOR-15.0, H-MOR-18.7, and H-MOR-19.8 corresponds to protons of NH4+ [55] that are present in these samples, as confirmed by FTIR, see Section 2.6. Partial dehydration leads to a decrease in the ratio of integral intensities of L3/L2 lines for H-MOR-9.9, H-MOR-18.7, and H-MOR-19.8, which is most pronounced for the last two. A slight increase in the relative contribution of water molecules to the total intensity after partial dehydration in H-MOR-15.0 may indicate that, besides NH4+, water molecules interacting with Brønsted acid sites (1H isotropic chemical shift at 6.4–6.5 ppm) also may contribute to L2 [39,56,57]. Unfortunately, it is not possible to separate these contributions in our experiment (applied magnetic field, rotor frequency). For the samples H-MOR-15.2, H-MOR-15.7, and H-MOR-15.8, which do not contain NH4+ at all, see Section 2.6, the low-intensity signal L2′ can be attributed to protons of H2O molecules coordinated with Brønsted acid sites. The line L1 (L1′), which is of low intensity but is observed for all the samples except for H-MOR-15.0, can be related to free protons, which are characterized by chemical shifts of about 8–13 ppm [58,59,60], or [H3O]+, for which 1H δiso is between 7 and 9 ppm [58,61]. It should be noted that larger charged water complexes [H…(H2O)n]+may also contribute to the L2′ signal [39,58].



In our previous study, we reported that, for H-MOR-15.2, an isotropic chemical shift corresponding to bulk water, as well as a signal corresponding to charged water complexes, were found to be dependent on a rotation frequency [39]. A similar effect is observed for H-MOR-15.7 and H-MOR-15.8, both hydrated and partially dehydrated, see Figure 6, whereas, for other samples, δiso of all the individual lines is not sensitive to the rotor frequency.



It is known that under MAS conditions, despite temperature stabilization, the temperature in the rotor increases due to rotor friction with air, which could be an issue of the observed displacement of 1H δiso. However, our supplementary studies that involved temperature dependence measurements of 1H MAS NMR at low rotor frequency, and spectrum of 207Pb in H-MOR-15.2 mixed with Pb(NO3)2, confirm that the issue of such a displacement is not related to the temperature effect only [39] (the 207Pb chemical shift in Pb(NO3)2 exhibits a strong temperature dependence, which makes it possible to use this compound for the temperature calibration [62]). One can suggest that in H-MOR-15.0, H-MOR-15.7, and H-MOR-15.8 samples, prepared apparently by acid etching, this effect is caused by charge carriers. A similar effect, but much more pronounced, was reported for 63Cu δiso in CuI [63]. In the studied mordenite sample, such a charge carrier can be H+ or [H3O]+. Proton conductivity was previously discussed in a number of publications [64,65] and is consistent with the insensibility of 1H δiso to the rotor frequency for those samples of H-mordenites for which the signal associated with H+ or [H3O]+ is absent. However, to confirm this assumption, a more thorough analysis combined with proton conductivity measurements is required.





2.6. FTIR Spectroscopy Study


For FTIR studies, the samples were pressed into as thin as possible tablets (“thickness” from 9 to 18 mg/cm2), transparent enough at 4000–1300 cm−1 region. For thin samples, “windows” of transparency can be seen at 950–850 cm−1 and below. The spectra of studied samples contain bands of Si-OH silanol groups at 3750–3735 cm−1 and of Si-OH-Al zeolite bridging hydroxyls at about 3620 cm−1. Before thermovacuum treatment, water absorption was always present in the spectra at 3500–3000 and about 1640–1620 cm−1. In the spectra of some samples, strong bands of ammonium ions were also observed at 1450–1410 cm−1, which in the region of stretching vibrations corresponded to a strong broad band of about 3300 cm−1 with a “tail” from the low frequencies and a characteristic “Evans hole” at 2885 cm−1. The evolution of the spectrum with the increasing temperature of vacuum treatment is illustrated by the H-MOR-15.0 sample in Figure 7.



After pumping at 300 °C for about half an hour, the absorption of water disappears, and the ammonium bands weaken, but remain in the spectrum sometimes in the form of a group of several maxima resolved at −196 °C. Heating the sample in a vacuum at 450 °C removes the bands of ammonium ion, while the intensity of the band of hydroxyl groups at 3615 cm−1 significantly increases. Apparently, the new groups are formed as a result of the decomposition of ammonium ions with the liberation of ammonia. Further heating of the sample in a vacuum led to a diminishing of the OH band intensity, while no other changes occur in the spectrum.



The samples were usually evacuated at 300 and 450 °C, sometimes at higher temperatures, then adsorption of CO was studied at the temperature of liquid nitrogen (–196 °C) after preliminary registering the spectrum of the cooled sample in the presence of about 0.5 torr of helium for better thermal contact with the cold walls of the cell. Usually, a significant amount of adsorbate was first introduced, until the sample was saturated when the CO pressure was 2–5 torr. Then, CO was removed by pumping for a different time, always adding helium. If the bands remained too intense, the sample was vacuumed in a warmer part of the cell. The spectra of CO adsorbed on H-MOR-15.0 after different pretreatment conditions are shown in Figure 8. One can see the increase in the 2178 cm−1 band intensity after pretreatment at 450 °C when new OH groups are formed as a result of ammonium decomposition. Diminishing of this band after sample evacuation at 600 °C is accompanied by the appearance of a band at 2225 cm−1. We can also point to the decreased intensity of the band at 2156 cm−1 after treatment at 450 °C.



Analysis of these data enables us to distinguish up to five absorption bands in the spectra of adsorbed CO. Under saturation conditions, there is always a band of “physically adsorbed” molecules at 2138 cm−1, which decreases rapidly in intensity as pumping proceeds. The intensity of the band at 2160–2155 cm−1 correlates with the perturbation of the band of silanol groups, which, under the action of adsorbed CO, shifts to about 3640 cm−1 (Figure 9, curve 2) Pumping at nitrogen temperature quickly leads to the disappearance of this form of adsorption. The most stable form of adsorbed CO manifests itself as a relatively weak band at 2225 cm−1, which disappears only after sufficiently long pumping at room temperature. This band is especially intense after treatment at high temperatures. For some samples, it is accompanied by bands at 2205–2199 cm−1 (H-MOR-19.8 and H-MOR-18.7 treated at 450 °C).



The bridged hydroxyls Si-OH-Al, which account for Brønsted acidity of zeolites, absorb at 3620–3610 cm−1. Their perturbation by CO results in the vanishing of this band and the appearance of a broad band of perturbed OH groups with a maximum of about 3300 cm−1. At saturating coverages, the maximum of this band shifts towards low frequencies up to 3250 cm−1 or even slightly lower (curve 2 in Figure 9). In the spectrum of CO, this form of adsorption corresponds to a band that appears at 2175–2165 cm−1 and with the decrease in coverage slightly shifts towards high frequencies to 2178 cm−1. With further desorption of CO, it turns out to consist of two poorly resolved maxima, of which not the highest frequency, but the underlying one remains before the disappearance at 2075–2073 cm−1. The corresponding band of perturbed hydroxyls is still visible at 3300 cm−1. In the difference spectra, one can see that the additional disturbance of hydroxyls with a shift up to 3250 cm−1 correlates with the growth of the band at 2138 cm−1.



Spectra obtained reveal different kinds of surface sites. There are two types of surface hydroxyl groups, silanols and zeolitic, and both act as the centers of CO adsorption. In addition, CO interacts with framework surface oxygen atoms forming side-on complexes [66] characterized by the band at 2138 cm−1. The band at 2225 cm−1 should be assigned to molecules coordinately bound to strong Lewis sites, apparently, Al3+ ions in an uncomplete tetrahedral coordination [67,68]. The intensity of this band grows after treating the sample at 600 °C when decreasing the intensity of bridging hydroxyls testifies for their desorption. This means that it can be framework aluminum, which becomes accessible for CO after the removal of the bridged OH group on the formation of the water molecule with a proton of neighboring hydroxyl. However, in the spectra of some samples the band at this or close position is present already after pretreatment at 450 °C (sample H-MOR-18.7) or even at 300 °C (sample H-MOR-15.7). We suppose that in this case, it belongs to extra-framework Al3+ ions. For the H-MOR-18.7 sample treated at 450 °C, one more band can also be seen at 2206 cm−1 (sample H-MOR-18.7 Figure 9, curve 8). As soon as there are no other cations in this sample, it could be also assigned to extra-framework Al3+ ions in somewhat different coordination, typical of alumina surface [67].



Intensities of the bands of CO adsorbed on zeolitic OH groups follow the concentration of the latter. For H-MOR-15.0 pretreated at 300, 450, and 600 °C the total integrated intensity at 2180–2165 cm−1 first increases when the number of OH groups grows as a result of ammonium decomposition and lowers on further heating the sample at 600 °C with the decrease in the OH band intensity. However, the CO band at about 2156 cm−1 assignable to molecules adsorbed on silanol groups is the most intense after pumping at 300 °C (Figure 8a), while the intensity of silanol groups, on the contrary, grows by about 60% after heating at 450 °C and even a little bit more on treatment at 600 °C when the intensity of corresponding CO band also slightly increases. To our mind, the extra intensity of the 2156 cm−1 band in the spectra of samples treated at 300 °C is due to CO interacting with ammonium ions. Strong absorption of perturbed OH groups prevents observation of stretching N-H modes, but small changes in the band shape of the NH4+ bending vibration band are consistent with this explanation.



Figure 10 shows the spectra of CO adsorbed on the H-MOR-18.7 sample pretreated at 300 °C and registered at –196 °C for three successively different coverages and the results of their deconvolution. As one can see, the maxima of the components in the deconvoluted spectrum do not differ much and remain at about 2178, 2170, 2160, and 2138 cm−1, while the relative intensities seriously change.



Obtained in this way, intensities of the bands related to the thickness of samples in mg/cm2 for CO adsorbed on different sites of the studied samples are presented in Table 5. From these figures, using the known values of integrated extinction coefficient ε we can easily estimate the concentration of corresponding surface sites. There are some contradictions about the values of ε for adsorbed CO [69,70]. Here, we use values from [69], where it was measured for molecules adsorbed on silanol groups of aerosil (ε = 1.6 cm/μmol) and on hydroxyls of HZSM-5 zeolite (ε =2.1 cm/μmol). For CO adsorbed on aluminum cations we take a value of ε = 0.2 cm/μmol, obtained for strong Lewis sites of TiO2, for which the frequency of adsorbed molecules (2210 cm−1) is the nearest to that of CO interacting with Al3+ in our case (2225–2206 cm−1). Here, we give in the table for H-MOR-18.7 the sum of intensities of two bands at these wavenumbers. Recently, the integrated extinction coefficient ε was determined for the stretching OH bands of silanols and bridged Si-OH-Al groups of H-ZSM-5 and H-ZSM-23 zeolites from the comparison of band intensities in the IR spectra with the concentration of corresponding protons measured by 1H MAS NMR spectra of the same samples [71]. These data enable us to estimate the concentration of silanol and bridged OH groups directly from the band intensities in the OH vibration region of the same spectra. Spectra presented in Figure 8, Figure 9 and Figure 10 reveal a structure of the band at 2180–2160 cm−1, which consists of at least two bands. This is in agreement with the data reported in [72,73] that there are two or even three kinds of bridged OH groups in mordenite, differing in their location in the framework of zeolite. Analysis of mordenite structure shows that there are ten crystallographically distinct oxygen atoms and hence, there could be ten different acidic hydroxyls, at least six of which were visualized by distinct bands in the deconvoluted FTIR spectra [34]. In the corresponding column of Table 5 we show the total intensity of bands in this spectral region.



The concertation of Lewis Al3+ sites, zeolitic bridged OH groups (Brønsted centers), and silanol hydroxyls, obtained from the intensities of corresponding bands in the studied spectra, are denoted in Table 5 as NL, NB, and NS, respectively. The latter values were calculated both from the intensities of the bands of adsorbed CO at about 2156 cm−1 in the deconvoluted spectra registered at saturating conditions and from the intensities of the band of silanol groups at about 3747 cm−1, using ε values from [69] or [71], respectively. For H-MOR-15.2 and H-MOR-15.8 samples, where silanol concentration is comparatively high and the band of CO bound to them is well resolved, the values obtained by the two ways coincide within the error of measurements. For other samples the CO band was too weak, hidden between strong bands of other forms of adsorption, and could not be measured correctly. That is why for the silanols we present in the table the data obtained from the OH band intensities.



The concentration of bridged hydroxyls was also estimated spectroscopically either from OH band intensity or from the bands of adsorbed CO. Unfortunately, not all our samples were transparent enough in the OH stretching region, and for some samples, CO intensities were too strong at high coverages. Data presented in the table correspond to the stage when the excess of CO was removed by pumping for several minutes, the band at 2138 cm−1 started to diminish and the band of unperturbed OH groups at 3620 cm−1 did not start to recover. One could anticipate that the NB value would correlate with the concentration of aluminum in the framework decreasing with the growing SiO2/Al2O3 ratio. The corresponding values were calculated based on the SiO2/Al2O3 ratios obtained by NMR (27Al)1 spectra given in Table 1. As anticipated, the highest amount of Brønsted acid sites, found from the OH band intensities, was for the H-MOR-9.9 sample, however, for H-MOR-19.8 it happened to be unexpectedly great. It should be noted that for all the studied samples, except H-MOR-18.7, the obtained values are noticeably greater than the concentration of framework aluminum, although these values should be close to each other. It is well possible that the ε value for OH groups for mordenite is not the same as measured in [71].



Values of Brønsted site concentrations found from CO band intensities, on the contrary, appeared to be lower than that of the amount of framework aluminum atoms and almost constant for all the studied samples. To some extent, this also could be due to ε value of adsorbed CO, which as well was measured for other zeolites, but this does not explain the resemblance of the Brønsted site amount for different samples. We suppose that the bands in the 2180–2170 cm−1 region are due to molecules adsorbed on the most accessible sites of the main channel, while those confined in the side pockets of mordenite structure are not able to form the same H-bond and absorb at lower wavenumbers overlapping with the bands of molecules adsorbed on weaker sites.



The number of Lewis sites NL measured from the intensity of the CO band at 2225 cm−1 correlates well with the data on extra-framework aluminum concentration shown in Figure 4. It is comparatively high for H-MOR-15.7, H-MOR-15.8, and H-MOR-18.7, moderate for H-MOR-9.9 and H-MOR-19.8, and negligible for H-MOR-15.0. We can hardly expect the quantitative correlation between the number of extra-framework aluminum atoms and that of CO molecules which account for the 2225 cm−1 band because it is not clear if every such atom can strongly coordinate CO. Moreover, the ε value for CO was estimated only tentatively. Nevertheless, the obtained spectroscopically number NL for such sites for H-MOR-15.2, H-MOR-15.7, and H-MOR-15.8 samples is 20–26% of the amount of framework aluminum. This is in fair agreement with the intensity ratio of bands in the NMR 27Al spectra shown in Figure 4 and presented in Table 3.





3. Materials and Methods


A set of samples of protonated mordenites with nominal SiO2/Al2O3 molar ratios of 9.9, 15.0, 15.2, 15.7, 15.8, 18.7, and 19.8, respectively, was studied. Samples were provided by TOSOH Co., Tokyo, Japan, however, the details of their synthesis constitute the “know-how” of the company.



XRD studies were carried out using the Bruker “D8 DISCOVER” (Bruker AXS, Karlsruhe, Germany) research complex with Cu-Kα radiation (scan range: from 5.0017 to 69.9953 2-theta degree, step width: 0.0202 degrees). Quantification was performed using the DIFFRAC.SUITE software package.



The morphology of the samples was studied by a Zeiss Libra 200FE (Carl Zeiss AG, Oberkochen, Germany) scanning electron microscope. EDX measurements were carried out applying Analytical Silicon Drift Detector: X-Max (Oxford Instruments Inc., Abingdon, UK). The bulk elemental compositions were determined ICP-OES using Shimadzu ICPE-9000 (Shimadzu Corporation, Kyoto, Japan). XPS measurements were completed by using a Combined Auger, X-ray, and Ultraviolet Photoelectron spectrometer Thermo Fisher Scientific ESCAlab 250Xi (Thermo Fisher Scientific, Waltham, MA, USA) with AlKα radiation (photon energy 1486.6 eV) with total energy resolution of 0.3 eV.



TG analysis was performed using a Netzsch TG 209 F1 Libra (Netzsch-Gruppe, Selb, Germany) in the temperature range from 40 to 750 °C at the heating rate of 10 °C/min in argon stream at the rate of 30 mL/min.



For IR studies, a powdered sample was pressed into thin tablets (depending on the sample and experiment, the thickness was varied from 9 to 18 mg/cm2). A rectangle was then cut out of the disk to fit into a homemade sample holder. The sample was inserted into a low-temperature IR cell (its description can be found in Ref. [74]). Samples were preheated in vacuum (residual pressure < 10−4 torr) for 40 min inside the IR cell, activation temperatures 300, 450, and 600 °C. The spectra were recorded using a Nicolet 710 IR Fourier transform spectrometer (Madison, WI, USA) with a coolable MCT detector, with a resolution of 2 cm−1. For each spectrum, 128 scans were used.



NMR studies were carried out using a Bruker Avance IIIWB 400 MHz solid-state NMR spectrometer (Bruker Corporation, Billerica, MA, USA) operating with Topspin version 3.2 and using a CP-MAS 3.2 mm probe. The studies were carried out at room temperature. The operating frequencies were 400.23, 104.28, and 79.5 MHz for 1H, 27Al, and 29Si nuclei, respectively. 27Al and 29Si MAS NMR spectra were acquired at a rotor speed of 15 kHz. 1H NMR spectra were recorded at the rotor speed varied from 2.5 to 19 kHz. Proton spectra were recorded for fully hydrated samples, and for mildly dehydrated samples, the samples were pre-dried for 4 h at a temperature of 100 °C in a desiccator and sealed into ampoules. Chemical shifts were determined against/relative to AlCl3 solution and TMS as external standards.



Spectra deconvolution was completed using MagicPlot Pro software [75].




4. Conclusions


A set of H-mordenite catalysts with a nominal MR varied ranging from 9.9 to 19.8 was studied by various methods, including XRD, XPS, SEM-EDX, ICP-OES, TGA, MAS NMR, and FTIR.



The samples exhibit different morphologies and inhomogeneity of element distribution from the surface to the depth of the crystal. XRD analysis confirms that all samples retain the mordenite crystalline structure. The ellipticity of the main mordenite channel varies as MR changes, which may be a consequence of different arrangements of Al tetrahedra, and, accordingly, compensating cations and/or Brønsted acid sites in the zeolite structure. Samples, that do not contain NH4+ cations (H-MOR-15.2, H-MOR-15.7, H-MOR-15.8) and presumably prepared by acid etching, exhibit the strongest compression of the main channel.



27Al MAS NMR provides evidence for the presence of extra-framework Al in most samples that results in higher real MR as compared to the nominal values. 29Si MAS NMR spectra suggest the presence of Q3(0Al) sites in H-MOR-15.2, H-MOR-15.7, and H-MOR-15.8 that correlate with the amount of silanol groups estimated by FTIR.



1H MAS NMR of fully hydrated and partly dehydrated samples confirms presence of NH4+ cations in all the samples except H-MOR-15.2, H-MOR-15.7, and H-MOR-15.8 (that is also supported by FTIR), free bulk water, water interacting with Brønsted acid sites, silanol protons not bound to water molecules and H+ or [H3O]+ cations (a signal at about 9 ppm) For H-MOR-15.2, H-MOR-15.7, and H-MOR-15.8 a dependence of 1H isotropic chemical shift of the signals attributed to water on the rotor frequency was found. The effect is not very pronounced but not negligible and is presumably due to the movement of charge carriers.



FTIR studies of CO absorbed at −196 °C on H-mordenite samples enables us to estimate the concentration of different active sites: Lewis acid sites, Brønsted acid sites and silanol hydroxyls. The concentration of Lewis acid sites as determined from FTIR is in fair agreement with 27Al MAS NMR data. However, the quantity of Brønsted acid sites is essentially constant for all the studied samples and does not correlate directly with MR determined from 29Si MAS NMR. Alternatively, the concentration of Brønsted hydroxyls and silanol groups was obtained from their band intensities in the OH stretching vibration region using the published values of the integrated absorption coefficients. The spectroscopically measured concentration values are compared with the amount of framework aluminum atoms calculated from MR values based on 27Al MAS NMR measurements. The comparison shows that the number of Brønsted sites obtained from OH band intensities is slightly overestimated, while that one measured from the CO band intensities, on the contrary, is lower than the expected value. The discrepancy can be presumably explained by steric hindrances preventing H-bond formation for molecules confined in the side pockets of the mordenite lattice. The estimated values of Lewis site concentration quantitatively correlate with the amount of extra-framework aluminum from 27Al MAS NMR measurements.
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Figure 1. Powder XRD patterns for the studied samples (a) and the contraction parameter K = a/b plotted versus MR as determined by ICP-OES (b). 
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Figure 2. SEM images of the samples. Upper row from left to right: H-MOR-9.9, H-MOR-15.0, H-MOR-15.2 and H-MOR-15.7; lower row from left to right: H-MOR-15.8, H-MOR-18.7, H-MOR-19.8, and H-MOR-15.7 in a larger scale. 






Figure 2. SEM images of the samples. Upper row from left to right: H-MOR-9.9, H-MOR-15.0, H-MOR-15.2 and H-MOR-15.7; lower row from left to right: H-MOR-15.8, H-MOR-18.7, H-MOR-19.8, and H-MOR-15.7 in a larger scale.
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Figure 3. TG curves for all studied samples (a) and DTG curves with their decomposition for H-MOR-9.9, H-MOR-15.7, and H-MOR-19.8 (b). 
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Figure 4. 27Al (a) and 29Si (b) MAS NMR spectra of the studied samples and their decomposition. 
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Figure 5. 1H MAS NMR spectra for the fully hydrated (a) and partly dehydrated (b) samples and their decomposition in Lorentzian lines. All spectra are recorded at νrot = 15 kHz. 
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Figure 6. 1H NMR chemical shift of individual spectral lines at different rotor frequencies: (a)—L3 (L3′) line in all the samples; (b)—L2, L3, L4 for H-MOR-15.0; (c)—L1′, L2′, L3′ and L4′ for H-MOR-15.7. Solid and open symbols correspond to the fully hydrated and partly dehydrated samples. 
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Figure 7. FTIR spectrum of H-MOR-15.0; 6.25 mg/cm2 at ambient temperature before treatment (1) and at −196 °C after evacuation at 300 °C (2), 450 °C (3) and 600 °C (4). 
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Figure 8. Evolution of FTIR spectra of CO adsorbed on HMOR-15.0 pretreated at 300 °C (a), 450 °C (b), and 600 °C (c), in course of desorption. Spectra are registered at −196 °C in the presence of ca 0.5 torr of helium. 
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Figure 9. FTIR spectrum of CO adsorbed on H-MOR-19.8 pretreated at 450 °C before (1) and after adsorption of CO (2), and on gradual desorption (3–8). Spectra are registered at −196 °C in the presence of ca 0.5 torr of helium. 






Figure 9. FTIR spectrum of CO adsorbed on H-MOR-19.8 pretreated at 450 °C before (1) and after adsorption of CO (2), and on gradual desorption (3–8). Spectra are registered at −196 °C in the presence of ca 0.5 torr of helium.
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Figure 10. FTIR spectrum of CO adsorbed on HMOR-18.7 pretreated at 300 °C registered at −196 °C for three successively diminishing coverages (a–c) and the results of their deconvolution (the parameters of the spectra deconvolution are given in the Supplementary Materials, Table S2). Approximate positions of the four maxima are 2178, 2170, 2160, and 2138 cm−1. 






Figure 10. FTIR spectrum of CO adsorbed on HMOR-18.7 pretreated at 300 °C registered at −196 °C for three successively diminishing coverages (a–c) and the results of their deconvolution (the parameters of the spectra deconvolution are given in the Supplementary Materials, Table S2). Approximate positions of the four maxima are 2178, 2170, 2160, and 2138 cm−1.



[image: Catalysts 13 00344 g010]







[image: Table] 





Table 1. SiO2/Al2O3 ratio of the studied samples determined by different methods.
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	Sample
	XPS
	EDS
	ICP-OES
	NMR (27Al) 1
	NMR (29Si) 1





	H-MOR-9.9
	10.8 ± 0.3
	9.3 ± 0.5
	8.72 ± 0.09
	9.9 ± 0.1
	10.4 ± 0.2



	H-MOR-15.0
	14.4 ± 0.2
	14.3 ± 0.9
	13.94 ± 0.14
	14.3 ± 0.2
	16.0 ± 0.3



	H-MOR-15.2
	21.4 ± 0.4
	14.4 ± 0.7
	13.38 ± 0.14
	18.1 ± 0.2
	17.8 ± 1.0



	H-MOR-15.7
	24.9 ± 0.2
	15.1 ± 0.9
	13.63 ± 0.16
	18.2 ± 0.2
	21.0 ± 1.0



	H-MOR-15.8
	21.2 ± 0.3
	14.5 ± 0.8
	14.06 ± 0.14
	18.2 ± 0.2
	23.0 ± 1.0



	H-MOR-18.7
	16.5 ± 0.4
	17.6 ± 0.9
	16.67 ± 0.17
	18.5 ± 0.2
	20.5 ± 0.8



	H-MOR-19.8
	21.6 ± 0.4
	19.3 ± 0.9
	17.61 ± 0.18
	18.2 ± 0.2
	15.8 ± 0.5







1 For details see Section 2.5.
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Table 2. X-ray lattice parameters, unit cell volume, a/b ratio for the studied samples.
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Sample

	
Lattice Parameters (Å)

	
Unit Cell Volume (Å3)

	
K = a/b




	
a

	
b

	
c






	
H-MOR-9.9

	
18.194 ± 0.003

	
20.425 ± 0.003

	
7.521 ± 0.001

	
2794.8 ± 0.8

	
0.8907 ± 0.3




	
H-MOR-15.0

	
18.152 ± 0.002

	
20.368 ± 0.002

	
7.491 ± 0.001

	
2769.7 ± 0.5

	
0.8912 ± 0.2




	
H-MOR-15.2

	
18.161 ± 0.002

	
20.292 ± 0.002

	
7.493 ± 0.001

	
2761.4 ± 0.4

	
0.8950 ± 0.2




	
H-MOR-15.7

	
18.149 ± 0.002

	
20.267 ± 0.002

	
7.487 ± 0.001

	
2754.1 ± 0.3

	
0.8955 ± 0.2




	
H-MOR-15.8

	
18.182 ± 0.004

	
20.245 ± 0.004

	
7.489 ± 0.002

	
2756.5 ± 0.9

	
0.8981 ± 0.4




	
H-MOR-18.7

	
18.112 ± 0.002

	
20.327 ± 0.002

	
7.481 ± 0.001

	
2754.2 ± 0.4

	
0.8910 ± 0.2




	
H-MOR-19.8

	
18.133 ± 0.002

	
20.346 ± 0.002

	
7.481 ± 0.001

	
2760.1 ± 0.4

	
0.8912 ± 0.2
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Table 3. Relative integral intestates (I) of individual lines 29Si and 27Al NMR spectra and 29Si isotropic chemical shifts (δiso) for the studied H-mordenite samples.
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Site

	
Parameter

	
Sample




	
H-MOR-9.9

	
H-MOR-15.0

	
H-MOR-15.2

	
H-MOR-15.7

	
H-MOR-15.8

	
H-MOR-18.7

	
H-MOR-19.8






	
Altetra-I

	
I (%)

	
88 ± 1

	
97 ± 1

	
74 ± 1

	
75 ± 1

	
77 ± 1

	
90 ± 1

	
75 ± 1




	
Altetra-II

	
I (%)

	
–

	
–

	
–

	
–

	
–

	
–

	
22 ± 1




	
Alocta

	
I (%)

	
12 ± 1

	
3 ± 1

	
26 ± 1

	
23 ± 1

	
23 ± 1

	
10 ± 1

	
3 ± 1




	
Q4(0Al) 1

	
δiso (ppm)

	
–

	
–

	
–

	
–

	
–

	
−114.5 ± 0.1

	
−113.4 ± 0.1




	
I (%)

	
–

	
–

	
–

	
–

	
–

	
16 ± 1

	
6 ± 1




	
Q4(0Al)

	
δiso (ppm)

	
−111.6 ± 0.1

	
−112.2 ± 0.1

	
−112.1 ± 0.1

	
−112.1 ± 0.1

	
−111.3 ± 0.1

	
−111.6 ± 0.1

	
−111.6 ± 0.1




	
I (%)

	
33 ± 2

	
52 ± 2

	
42 ± 2

	
46 ± 2

	
51 ± 2

	
45 ± 1

	
53 ± 1




	
Q4(1Al)

	
δiso (ppm)

	
–

	
–

	
–

	
–

	
–

	
−108.1 ± 0.1

	
–




	
I (%)

	
–

	
–

	
–

	
–

	
–

	
28 ± 1

	
–




	
Q4(1Al)

	
δiso (ppm)

	
−104.9 ± 0.1

	
−105.5 ± 0.1

	
−105.9 ± 0.1

	
−105.8 ± 0.1

	
−105.2 ± 0.1

	
−104.6 ± 0.1

	
−105.1 ± 0.1




	
I (%)

	
58 ± 2

	
45 ± 2

	
36 ± 2

	
38 ± 2

	
34 ± 2

	
11 ± 1

	
43 ± 1




	
Q4(2Al)

	
δiso (ppm)

	
−98.7 ± 0.1

	
−98.7 ± 0.1

	
–

	
–

	
–

	
–

	
−97.9 ± 0.1




	
I (%)

	
9 ± 3

	
3 ± 1

	
–

	
–

	
–

	
–

	
4 ± 1




	
Q4(3Al)

	
δiso (ppm)

	
–

	
–

	
−93.5 ± 0.1

	
–

	
–

	
–

	
–




	
I (%)

	
–

	
–

	
3 ± 1

	
–

	
–

	
–

	
–




	
Q3(0Al)

	
δiso (ppm)

	
–

	
–

	
−100.4 ± 0.1

	
−100.1 ± 0.1

	
−100.2 ± 0.1

	
–

	
–




	
I (%)

	
–

	
–

	
19 ± 1

	
16 ± 1

	
15 ± 2

	
–

	
–








1 For the high siliceous mordenite.
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Table 4. Isotropic chemical shifts of individual 1H MAS NMR spectral lines (δiso) and their relative intensities (I) for fully hydrated and partly dehydrated samples; νrot = 15 kHz.
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Sample

	
L1 (L1′)

	
L2 (L2′)

	
L3 (L3′)

	
L4 (L4′)




	
δiso (ppm)

	
I (%)

	
δiso (ppm)

	
I (%)

	
δiso (ppm)

	
I (%)

	
δiso (ppm)

	
I (%)






	
Fully hydrated




	
H-MOR-9.9

	
9.0 ± 0.1

	
7.0 ± 0.1

	
6.8 ± 0.1

	
33 ± 2

	
4.6 ± 0.1

	
54 ± 2

	
1.3 ± 0.2

	
6.0 ± 0.5




	
H-MOR-15.0

	
–

	
–

	
6.8 ± 0.1

	
32 ± 2

	
4.1 ± 0.1

	
63 ± 2

	
1.2 ± 0.2

	
5.0 ± 0.5




	
H-MOR-15.2

	
8.9 ± 0.1

	
5.0 ± 0.5

	
6.9 ± 0.1

	
13 ± 1

	
5.3 ± 0.1

	
80 ± 2

	
1.2 ± 0.2

	
2.0 ± 0.5




	
H-MOR-15.7

	
8.9 ± 0.1

	
5.0 ± 0.5

	
6.6 ± 0.1

	
15 ± 1

	
5.3 ± 0.1

	
76 ± 2

	
1.2 ± 0.2

	
4.0 ± 0.5




	
H-MOR-15.8

	
8.8 ± 0.1

	
6.0 ± 0.5

	
6.7 ± 0.1

	
14 ± 1

	
5.3 ± 0.1

	
78 ± 2

	
1.2 ± 0.2

	
2.0 ± 0.5




	
H-MOR-18.7

	
8.8 ± 0.1

	
3.0 ± 0.5

	
6.8 ± 0.1

	
16 ± 1

	
4.3 ± 0.1

	
78 ± 2

	
1.3 ± 0.2

	
3.0 ± 0.5




	
H-MOR-19.8

	
–

	
–

	
6.8 ± 0.1

	
33 ± 2

	
4.0 ± 0.1

	
65 ± 2

	
1.3 ± 0.2

	
2.0 ± 0.5




	
Partly dehydrated




	
H-MOR-9.9

	
9.1 ± 0.1

	
7.0 ± 0.1

	
6.8 ± 0.1

	
36 ± 2

	
4.4 ± 0.1

	
46 ± 2

	
1.7 ± 0.2

	
11 ± 1




	
H-MOR-15.0

	
–

	
–

	
6.9 ± 0.1

	
28 ± 2

	
4.1 ± 0.1

	
66 ± 2

	
1.3 ± 0.2

	
6.0 ± 0.5




	
H-MOR-15.2

	
9.1 ± 0.1

	
9.0 ± 0.5

	
7.6 ± 0.1

	
8 ± 1

	
5.4 ± 0.1

	
79 ± 2

	
1.1 ± 0.2

	
4.0 ± 0.5




	
H-MOR-15.7

	
9.1 ± 0.1

	
8.0 ± 0.5

	
7.6 ± 0.1

	
7 ± 1

	
5.4 ± 0.1

	
76 ± 2

	
1.1 ± 0.2

	
9 ± 1




	
H-MOR-15.8

	
8.6 ± 0.1

	
12 ± 1

	
6.4 ± 0.1

	
19 ± 1

	
5.4 ± 0.1

	
67 ± 2

	
1.3 ± 0.2

	
2.0 ± 0.5




	
H-MOR-18.7

	
8.4 ± 0.1

	
7.0 ± 0.5

	
6.7 ± 0.1

	
22 ± 2

	
4.4 ± 0.1

	
43 ± 2

	
1.8 ± 0.2

	
27 ± 2




	
H-MOR-19.8

	
8.7 ± 0.1

	
1.0 ± 0.5

	
6.8 ± 0.1

	
37 ± 2

	
4.0 ± 0.1

	
40 ± 2

	
1.7 ± 0.2

	
22 ± 2
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Table 5. Band intensities of adsorbed CO ICO and hydroxyl groups IOH, type and concentration N of active sites according to FTIR spectra, extinction coefficient values ε used to estimate N and quantity of Al atoms for the samples pretreated at 450 °C.






Table 5. Band intensities of adsorbed CO ICO and hydroxyl groups IOH, type and concentration N of active sites according to FTIR spectra, extinction coefficient values ε used to estimate N and quantity of Al atoms for the samples pretreated at 450 °C.





	
Type of Sites

	
Lewis Acid Sites

	
Brønsted Acid Sites

	
Al Content

	
Silanol Hydroxyls






	
ν (cm−1)

	
2230–2200

	
2180–2170

	
3620

	

	

	
3747




	
ε (cm/μmol)

	
0.2 1

	
2.1 1

	
3.06 2

	

	

	
1.5 2




	
Sample

	
ICO (cm/mg)

	
NL (μmol/g)

	
ICO (cm/mg)

	
NB (μmol/g)

	
IOH (cm/mg)

	
NB

(μmol/g)

	
NAl

(μmol/g)

	
IOH

(cm/mg)

	
NS

(μmol/g)




	
H-MOR-9.9

	
0.017 ± 0.002 4

	
85 ± 9

	
2.3 ± 0.1

	
1100 ± 60

	
9.4 ± 0.2

	
3100 ± 500

	
2860 ± 30

	
0.44 ± 0.09

	
300 ± 60




	
H-MOR-15.0

	
0.008 ± 0.001

	
40 ± 6

	
2.1 ± 0.1

	
1000 ± 50

	
7,0 ± 0.1

	
2300 ± 100

	
2070 ± 20

	
0.19 ± 0.04

	
120 ± 20




	
H-MOR-15.2

	
0.07 ± 0.01

	
350 ± 40

	
1.9 ± 0.1

	
900 ± 50

	
off scale

	
1670 ± 20

	
2.0 ± 0.8

	
1300 ± 500




	
H-MOR-15.7

	
0.087 ± 0.009

	
430 ± 40

	
off scale

	
off scale

	
1660 ± 20

	
1.5 ± 0.8

	
1000 ± 600




	
H-MOR-15.8

	
0.085 ± 0.008

	
420 ± 40

	
2.4 ± 0.1

	
1140 ± 60

	
6.7 ± 0.9

	
2200 ± 300

	
1660 ± 20

	
2.1 ± 0.3

	
1460 ± 200




	
H-MOR-18.7

	
0.027 ± 0.004 3

	
130 ± 20

	
2.3 ± 0.1

	
1100 ± 60

	
3.7 ± 0.6

	
1200 ± 200

	
1640 ± 20

	
0.28 ± 0.04

	
190 ± 30




	
H-MOR-19.8

	
0.014 ± 0.003

	
70 ± 20

	
2.4 ± 0.1

	
1140 ± 60

	
8.3 ± 0.7

	
2700 ± 200

	
1660 ± 20

	
0.32 ± 0.05

	
210 ± 30








1 From Reference [69]. 2 From Reference [71]. 3 The concentration of Lewis acid sites is determined from the integral intensity in the ν range of 2240–2190 cm−1. 4 The estimated experimental error values correspond to spectral measurements and do not include the uncertainty of ε values. The listed values can be, thus taken into account for comparison of different samples, but systematic errors are not excluded when comparing the data for different sites or obtained by different methods.
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