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Abstract: In this article, a sustainable defect-engineering strategy for dealumination of Y zeolite is described. This strategy includes the green synthesis of a well-crystallized Y zeolite with point defects arising from the incorporation of Fe atoms by using a Fe-containing perlite and the subsequent preparation of ultra-stable Y (USY) zeolite by effective dealumination. The systematic characterizations verify that Fe atoms originally existing in the perlite are incorporated into the as-synthesized Y zeolite and function as point defects, leading to the distortion of framework Al. The step-by-step investigation of the dealumination process shows that vacancies are formed by the extraction of framework Fe in the ammonium exchange, and the framework dealumination is promoted under the combined effect of the distorted framework Al and the formed vacancies during the steaming treatment. The resulting USY zeolite owns excellent features in (hydro)thermal stability, pore structure and acid property, and thus exhibits outstanding catalytic cracking performance.
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1. INTRODUCTION

As one of the most important commodity zeolites, Y zeolite has been widely used as the main active component of fluid catalytic cracking and hydrocracking catalysts due to its specific channel structure and tunable acidity.
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 Nevertheless, the typical aluminum-rich nature of Y zeolite brings a fatal flaw in thermal and hydrothermal stabilities toward its industrial applications.
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 To date, post-synthetic dealumination, such as steaming and/or acid leaching, has become the common method for stabilizing Y zeolite in industry.6 In the case of steaming dealumination, even though the (hydro)thermal stability of the resulting Y zeolite is improved and micro-mesoporous structure is generated due to the formation of mesopores, there are several issues for the derived ultra-stable Y (USY) zeolite, including the limited dealumination degree, isolated cavities attributed to the selective extraction of framework Al (FAl) species, and blockage of pore channels by the formed extra-framework Al (EFAl) species.
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 Considering that further dissolution of Al species with acid solution can expose more mesopores in USY zeolite, a mild acid leaching can be implemented to remove the EFAl species, yet the connectivity of the formed mesopores is still poor because of no framework dealumination;8 a harsh acid leaching enables the formed mesopores to be well connected through the extraction of both EFAl and FAl species, but the relatively severe dealumination results in sharply decreased acid sites.9 Therefore, an economical and effective methodology is needed for improving the dealumination of Y zeolite.
Recently, it has been recognized that defect engineering of zeolites offers promising opportunities for tailoring their properties to specific functions and applications.
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 In effect, the defects of zeolite include various types, such as point defect (silanol nests, substitution of the framework atoms and vacancies in the framework),
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 line defect (dislocation),14 planar defect (twin, shear band and surface defect)15 and volume defect (cavities and cracks).16, 17 As reported in literatures,
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 the defects (such as cavities, heteroatoms substitution and vacancies) were incorporated into zeolite crystals, which could markedly ameliorate the properties of zeolites through dealumination. Especially, the contributions of Shen et al. towards the incorporation of heteroatoms into Y zeolite have shown that heteroatoms substitution, as a class of point defects in zeolite crystals, could be favorable to steaming dealumination, leading to the enhanced performance of the resultant USY zeolite.
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 Although great efforts have been made to apply defect engineering to the preparation of USY zeolite, there are still some challenges on theoretical understanding and industrial scale preparation. One of them is that the evolution from Y zeolite with point defects to USY zeolite have not been comprehensively studied, resulting in the fact that the effect of point defects towards the dealumination of zeolite remains ambiguous. Another one is that heteroatoms, especially Fe3+ ions which tend to form ferric hydroxide precipitation under alkaline condition, cannot be easily introduced into the zeolite framework by employing heteroatom-containing chemicals as heteroatom sources.
 ADDIN EN.CITE 
22,23

In our previous works, FeZSM-5 and FeCuSSZ-13 zeolites were successfully synthesized from Fe-containing rectorite and diatomite minerals based on a mesoscale depolymerization-reorganization strategy, and it is critical that the Fe atoms originating from the minerals can be directly introduced into the zeolite framework.
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 Inspired by these studies, herein we report a simple and economical method to introduce point defects into Y zeolite via the incorporation of Fe atoms by using a Fe-containing natural mineral as the raw material. The instability of point defects and the distortion effect of point defects upon the zeolite framework are utilized to promote the steaming dealumination, thereby fabricating a USY zeolite with outstanding features. Furthermore, the individual steps from Y zeolite with point defects to USY zeolite are studied via systematic characterization techniques to reveal the role of point defects towards the dealumination of Y zeolite.

2. EXPERIMENTAL SECTION

2.1 Materials
The perlite mineral used in this work was purchased from Gongyi Bauhinia Longteng Co., Ltd. (P. R. China). Sodium hydroxide, sodium aluminate, sulfuric acid, ferric nitrate, ammonium sulfate, citric acid and n-octane were purchased from Shanghai Sinopharm Chemical Reagent Co., Ltd. (P. R. China). Silica sol (containing 30 wt% SiO2) was acquired from Beijing Hongxing Chemical Building Materials Co., Ltd. (P. R. China). 1,3,5-Triisopropylbenzene (1,3,5-TIPB) was bought from Adamas Reagent Co., Ltd. (P. R. China). The commercial NaY zeolite denoted as C-NaY was provided by Nankai University Catalyst Plant (P. R. China) and used as a reference. The above materials were used without any further purification.
2.2 Preparation of zeolites
Depolymerization of the natural perlite mineral. The perlite mineral was depolymerized via the submolten salt (SMS) method as reported elsewhere.27 In a typical run, 12.0 g of sodium hydroxide were added into an open Teflon beaker containing 60.0 g of deionized water under strong agitation; then, 10.0 g of the natural perlite were appended to the above sodium hydroxide solution; finally, the resulting mixture was placed into an oven exposed to air at a preset temperature of 300 °C for 2 h to produce a SMS depolymerized perlite which was denoted as SMS-perlite.
Synthesis of Y zeolite with point defects. Using SMS-perlite as the feedstock, a Y zeolite with point defects was synthesized via the conventional hydrothermal method. A structure-directing agent (SDA) with a molar composition of 16.2 Na2O:1 A12O3:15.0 SiO2:295 H2O was first prepared by adding sodium hydroxide, sodium aluminate, and silica sol into deionized water under vigorous agitation for 2 h and aging the resultant mixture at room temperature for 28 h. The synthesis procedure of a Y zeolite with point defects is as follows: first, 10.0 g of SMS-perlite were mixed with 32.3 g of deionized water at room temperature, and the resulting suspension was stirred for 15 min; then, 3.0 g of silica sol and 4.9 g of SDA were added into the above suspension under stirring; afterwards, H2SO4 was added to adjust the pH value of the suspension, followed by stirring at 40 °C for 6 h; finally, the resultant mixture was transferred into a Teflon-lined stainless-steel autoclave and crystallized at 100 °C for 28 h under static condition and autogenous pressure. After crystallization, the obtained solid product was filtered, washed with deionized water until pH < 9, and dried overnight at 100 °C, yielding an as-synthesized sample denoted as P-NaY. For comparison, two reference samples were synthesized under the same synthesis conditions used for synthesizing P-NaY: one denoted as R-NaY was prepared from the raw perlite, and the other one marked as A-NaY was synthesized by using sodium aluminate, silica sol and ferric nitrate as aluminum, silicon and iron sources, respectively.
Dealumination of Y zeolites. Two series of dealuminated Y zeolites were prepared from P-NaY and C-NaY via the multi-step treatments shown in Scheme 1, in which all the steps as well as the names of the corresponding samples obtained in each step are illustrated. First, P-NH4Y-1 or C-NH4Y-1 was prepared by the ion exchange of P-NaY or C-NaY with a 1 M ammonium sulfate solution under solution-to-zeolite ratio of 10 mL/g and 85 °C for 2 h; then, P-NH4Y-1 or C-NH4Y-1 was loaded into a quartz tube and steamed in 100% water vapor at 600 °C for 2 h to obtain P-USY-1 or C-USY-1; afterwards, the ion exchange and steaming steps were repeated once to prepare P-NH4Y-2 or C-NH4Y-2 and P-USY-2 or C-USY-2, respectively; finally, P-USY-2 or C-USY-2 was leached with a 0.15 M citric acid solution to remove the extra-framework species to produce P-USY or C-USY.

Detailed information on the characterizations, hydrothermal stability tests and catalytic tests of dealuminated Y zeolites is shown in the Supporting Information.

3. RESULTS AND DISCUSSION
3.1 Introduction of point defects into Y zeolite
In this work, a Fe-containing perlite mineral is selected as the raw material to synthesize Y zeolite with point defects via the introduction of Fe atoms into the zeolite framework. It is an amorphous aluminosilicate clay with sheet-like morphology (Figures S1a and S2a), and contains 13.9 wt% Al2O3, 75.4 wt% SiO2 and 1.0 wt% Fe2O3 (Table S1). Importantly, this perlite has a bulk SiO2/Al2O3 molar ratio (SAR) of as high as 9.2. These characteristics of this perlite make itself an ideal feedstock to simultaneously function as silicon, aluminum and iron sources to synthesize Fe-containing Y zeolite. However, a pure-phase Y zeolite cannot be directly synthesized from the raw perlite owing to its low reactivity (Figures S3-S5). Therefore, prior to synthesis, the raw perlite was activated to produce highly reactive aluminum and silicon species by using the SMS depolymerization method (Figure S6).
As shown in Figure 1a, the X-ray diffraction (XRD) pattern of the as-synthesized P-NaY presents the typical characteristics of a FAU-type zeolite, and the intensities of these characteristic peaks in the patterns of P-NaY and C-NaY are comparable, indicating the successful synthesis of a pure-phase Y zeolite with high crystallinity. This is also supported by the Fourier transformed infrared (FTIR) characterization results shown in Figure 1b. It is seen that the FTIR spectrum of P-NaY possesses all the characteristic bands of a typical Y zeolite, including that at ~460 cm-1 ascribed to the bending vibration of T-O (T=Si or Al) bonds, that at ~580 cm-1 assigned to the structure of the double six-membered rings, and those at ~790 and ~1020 cm-1 corresponding to the symmetric and asymmetric stretching vibrations of T-O bonds, respectively.
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The textural parameters of P-NaY and C-NaY were measured by N2 physisorption, and the results are listed in Table S2. The specific surface area, micropore specific surface area, pore volume and micropore volume of P-NaY are almost identical to those of C-NaY, further confirming the high crystallinity of P-NaY. Figure S7 shows that both P-NaY and C-NaY possess well-defined octahedral morphology with their crystallites being distributed between 1.0 and 1.2 μm. According to the 29Si magic angle spinning nuclear magnetic resonance (MAS NMR) spectra (Figure 1c), and XRD and X-ray fluorescence (XRF) results (Table 1), P-NaY and C-NaY have nearly the same framework SAR, unit cell parameter and bulk SAR; nevertheless, owing to the use of the Fe-containing perlite as the feedstock, P-NaY has a Fe2O3 content of 0.61 wt%, much higher than that (0.07 wt%) of C-NaY. The energy-dispersive X-ray (EDX) mapping image (Figure 1d) shows that the various elements are uniformly distributed throughout the P-NaY zeolite crystals, suggesting that Fe species are well dispersed in the synthesized P-NaY.
To determine the occurrence forms of the Fe species in P-NaY, systematic characterizations were performed. As illustrated in Figure 1e, the ultraviolet (UV) Raman spectrum of P-NaY exhibits two bands at 556 and 955 cm-1 which are ascribed to the stretching vibration of Fe-O-Si bond in the zeolite framework as compared to that of C-NaY,
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 indicating that partial or all of Fe species in P-NaY exist in the zeolite framework. In order to quantify those Fe species, UV visible diffuser reflectance spectroscopy (UV-vis DRS) characterization was carried out, and the results are shown in Figure 1f. The UV-vis DRS spectrum of C-NaY has a very low peak owing to its trace amount of Fe, whereas the fitting curves for the UV-vis DRS spectrum of P-NaY display a strong peak at 235 nm assigned to the dπ-pπ charge-transfer transition between Fe and O atoms of Fe-O-Si species in the zeolite framework, and two weak peaks at 330 and 470 nm originated from monomeric octahedral Fe3+ ions or oligomeric FeOx clusters and small Fe2O3 particles, respectively.
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 Table S3 shows that more than three-quarters of Fe species in P-NaY exist in the zeolite framework. Furthermore, the electron paramagnetic resonance (EPR) spectrum of P-NaY shown in Figure 1g exhibits a strong sharp signal at g = 2.0 assigned to Fe3+ ions in the framework lattice and two signals at g = 4.3 and g = 6.0 corresponding to distorted extra-framework Fe (EFFe) species and higher-coordination Fe species, respectively,
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 which is complementary to the UV-vis DRS results. The reference sample A-NaY was synthesized by employing synthetic chemicals (sodium aluminate, silica sol and ferric nitrate) as the raw materials (Figure S3). From Figure S8 and Table S3, when ferric nitrate is used as Fe source, less than one-third of Fe species in A-NaY are introduced into the zeolite framework, meaning that the proportion of framework Fe (FFe) atoms in P-NaY is ca. 2.5 times that in A-NaY. The above results strongly confirm that majority of the Fe species derived from the natural perlite have been incorporated into the framework of P-NaY, and more Fe species can enter into the zeolite framework by using Fe-containing perlite as raw material when compared with synthetic chemicals.

The fact that majority of the Fe species in P-NaY exist in the zeolite framework should be closely related to the occurrence forms of Fe species in the raw perlite and SMS-perlite. Hence, the occurrence forms of the Fe species in the raw perlite and their transformation behavior during the SMS depolymerization were studied by UV-vis DRS. As shown in Figure S9, the states of the Fe species in the raw perlite and SMS-perlite can be classified into two categories: isolated tetrahedral Fe species existing in the form of Fe-O-Si and highly dispersed oligomeric FeOx clusters. The proportions of the different Fe species in the raw perlite and SMS depolymerized perlite were obtained by fitting the peaks of the UV-vis DRS spectra. As seen in Table S3, the proportions of isolated tetrahedral Fe3+ ions and oligomeric FeOx clusters in the raw perlite are 89.8% and 10.2%, respectively, indicating that most Fe species exist in the form of Fe-O-Si. After depolymerization, the proportion of isolated tetrahedral Fe3+ ions in SMS-perlite slightly decreases, and that of oligomeric FeOx species correspondingly increases, possibly because the SMS medium destroyed the Si-O bonds of Fe-O-Si species and thereby resulted in the polymerization of remaining Fe-O species into dimeric or oligomeric Fe species at high temperature. In spite of this, the proportion of isolated tetrahedral Fe species in SMS-perlite is still above 80%. It has been reported that the tetrahedral Fe-O-Si structure in mineral could be incorporated into the zeolite framework during crystallization.
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 Reasonably, it is speculated that the Fe-O-Si structure in SMS-perlite can be retained during the hydrothermal crystallization, leading to the formation of FFe species.

As reported previously, heteroatoms substituted into zeolite frameworks, as a class of point defects, can alter the coordination environment of FAl in zeolites.
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 Figure S10 shows the 27Al MAS NMR spectra of P-NaY and C-NaY. Only a strong signal at 63 ppm attributed to tetrahedrally coordinated Al3+ ions
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 is detected, indicating that all the Al species provided by SMS-perlite have successfully entered into the framework of P-NaY. Notably, we can observe that the peak width at half height in the spectrum of P-NaY is broader than that in the spectrum of C-NaY. This is because partial tetrahedrally coordinated Fe3+ ions in the zeolite framework significantly distort the Al-O bonds near the FFe species, which brings about the increased quadrupole interactions.19 It is the significant distortion of FAl that weakens structural stability of the zeolite, which is supported by the fact that the lattice collapse temperature of P-NaY is 18 °C lower than that of C-NaY (Figure S11). These results demonstrate that the FFe species in P-NaY rooted from the raw perlite indeed function as defect sites, affecting the coordination environment of FAl and structural stability of the zeolite. As described above, the introduction of point defects into Y zeolite framework has been achieved via a one-pot approach, i.e., a FFe-containing Y zeolite is directly prepared by making use of the Fe-O-Si structure in the Fe-containing perlite.

3.2 Characteristics of dealuminated Y zeolites
The samples P-USY and C-USY were prepared through the successive treatments (including ammonium exchange, steaming treatment and citric acid leaching) of P-NaY and C-NaY, respectively. While their XRD patterns exhibit the typical characteristic peaks of a FAU-type zeolite, there is a significant difference in their positions of the (533) characteristic peak (Figure 2a). For Y zeolite, the shift of the (533) characteristic peak to higher angle corresponds to the increased framework SAR.
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 This signifies that P-USY possesses a higher framework SAR than C-USY (17.83 vs. 14.15, Table 1). Relative to those of the two parent zeolites, the framework SARXRD values of P-USY and C-USY increase by 2.5 and 1.7 times, respectively. These results suggest that compared with the conventional method, a USY zeolite with a higher SAR can be obtained by using defect-engineered strategy. In other words, a USY zeolite with a comparable SAR can be prepared under much milder conditions or less post-treatment frequency based on defect-engineering methodology.
As seen in Figure 2b, the isotherms of P-USY and C-USY exhibit the combined characteristics of types I and IV, and the obvious hysteresis loops within the relative pressure range of 0.45~0.95 are observed, proving the presence of hierarchical micro-mesoporous structure in the two samples.17 The pore size distribution curves (Figure 2c) display that the mesopore diameter (18.8 nm) of P-USY is larger than that (11.2 nm) of C-USY. The texture parameters given in Table S2 show that P-USY has much higher external specific surface areas and larger mesopore volume than C-USY. From Figure S12, the high-resolution transmission electron microscopy (HRTEM) image of P-USY illustrates that channel-like mesopores in addition to many light gray cavities are formed by dealumination. It is particularly important that the channel-like mesopores are usually associated with better accessibility of active sites than isolated cavities.
 ADDIN EN.CITE 
35,36
 Although there are many cavities referred as constricted mesopores17 in the C-USY crystals, they are scattered and rarely interconnected. Mercury injection technique was performed to further study the connectivity of mesopores in P-USY and C-USY, and the obtained mercury intrusion and extrusion curves are shown in Figure 2d. The pore volumes in the pore diameter range of 5.5~50 nm acquired from mercury intrusion are 0.12 cm3/g for P-USY and 0.10 cm3/g for C-USY, and those acquired from mercury extrusion are 0.09 cm3/g for P-USY and 0.05 cm3/g for C-USY, demonstrating that the connectivity among mesopores and between mesopores and external surface for P-USY is superior to those for C-USY, since mercury is more easily extruded from interconnected mesopores.
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The thermal and hydrothermal stabilities of Y zeolite, which are closely related to its framework SAR, are two important factors for industrial applications. The thermogravimetry-differential scanning calorimetry (TG-DSC) curves in Figure 2e reveal that the lattice collapse temperature of P-USY (1056 °C) is higher than that of C-USY (1029 °C). Figure 2f gives the crystallinity retention ratios of the different zeolites after steaming at 700, 750 and 800 °C. The crystallinity retention ratio of P-USY is always higher than that of C-USY, regardless of the steaming temperature. In particular, 72% of the crystallinity is retained for P-USY after 100% steaming treatment at 800 °C for 6 h, higher than that (64%) of C-USY.
From the above results, we can safely draw a conclusion that the USY zeolite obtained by the dealumination of Y zeolite with point defects owns higher framework SAR, larger external specific surface area and mesopore volume, better connectivity of mesopores and improved (hydro)thermal stability than the conventional USY zeolite.

3.3 Role of point defects in dealumination
To gain a deeper insight into the role of point defects in dealumination, we systematically characterized the different intermediate samples obtained after each step of the treatments as illustrated in Scheme 1, including the first ammonium exchange, first steaming treatment, second ammonium exchange, second steaming treatment and citric acid leaching of P-NaY and C-NaY. As seen from Figure 3a, the obvious peak at ~230 nm assigned to tetrahedrally coordinated Fe species in the zeolite framework is retained in the UV-vis DRS spectrum of P-NH4Y-1 that was obtained after the first ammonium exchange of P-NaY. And the fitting curves for the spectrum of P-NH4Y-1 in Figure 3b show a new peak at 283 nm attributed to monomeric octahedral Fe3+ ions.31 The proportion of tetrahedral FFe species in P-NH4Y-1 decreases from 77.9% to 34.8% (Table S3). These results demonstrate that majority of FFe atoms are expulsed from the P-NaY framework during the first ammonium exchange. This is also supported by the EPR spectrum of P-NH4Y-1 (Figure 3c) showing that the relative intensity of the signal at g = 2.0 decreases and that at g = 4.3 increases when compared with that of P-NaY (Figure 1g). Crystallographically, the removal of FFe atoms is closely related to the instability of tetrahedrally coordinated FFe atoms. Figure 3d and 3e exhibits that there are three bands in the IR spectra of P-NH4Y-1 and C- NH4Y-1 in the region of OH stretching vibration. The bands at 3550 cm-1 and 3643 cm-1 are attributed to Brønsted acid sites in the sodalite cages and super cages, respectively, and that at 3739 cm-1 corresponds to the silanol OH vibration.37 After P-NH4Y-1 and C-NH4Y-1 were dehydrated under vacuum, ammonium ions were completely decomposed and the samples were transformed into H-form zeolite. Therefore, the obvious bands corresponding to Brønsted acid sites appear in the spectra. Importantly, from the IR spectra in the range of 3760~3720 cm-1 (Figure 3d and 3e, inset), it can be seen that the spectrum of P-NH4Y-1 shows higher absorption band at 3739 cm-1 when compared with that of P-NaY, and the spectra of C-NaY and C-NH4Y-1 display basically the same band intensity at 3739 cm-1. These indicate that during the first ammonium exchange, the amount of silanol in P-NH4Y-1 increases, while that in C-NH4Y-1 is almost unchanged. The textural parameters of P-NH4Y-1 are similar to those of P-NaY (Tables S2), stating clearly that there is no obvious formation of cavities. As a result, it is deduced that more silanols are formed in P-NH4Y-1, i.e., vacancies are incorporated into the zeolite framework via the ion exchange, due to the dislodge of partial FFe atoms. Although partial FFe atoms are expelled from the framework of P-NaY, the 27Al MAS NMR spectra of P-NH4Y-1 and C-NH4-Y-1 show no other signal except for that at 63 ppm (Figure 4a and 4b), suggesting no removal of FAl during the first ammonium exchange.38 

Figure 3b show that, in the UV-vis DRS profile of P-USY-1 obtained after the first steaming treatment of P-NH4Y-1, the main band shifts to a higher wavenumber at ca. 263 nm corresponding to extra-framework octahedral Fe3+ ions, proving that all the Fe species exist in the form of EFFe species. This can be further confirmed by the EPR spectrum of P-USY-1 (Figure 3c) in which the signal at g = 2.0 almost disappears, whereas that at g = 4.3 has significantly increased intensity. These results suggest that all the FFe species are dislocated from the zeolite framework after the first ammonium exchange and the followed first steaming treatment. The 27Al MAS NMR spectra of P-USY-1 and C-USY-1 show the additional signals at ca. 33 and 2 ppm attributed to penta- and hexa-coordinated Al species, respectively (Figure 4a and 4b), because the FAl species are extracted from the Y zeolite framework in the steaming treatment.
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 The fitting and deconvolution results of the 27Al MAS NMR spectra indicate that the proportion of the EFAl species (penta- and hexa-coordinated Al species) in P-USY-1 is higher than that in C-USY-1 (Figure 4c and 4d, Table 2), consistent with the result that P-USY-1 possesses the higher SARXRD than C-USY-1 (Figure S13c). 29Si MAS NMR characterization was used to further determine the variation in the coordination environment of Si and Al in the zeolites. In general, five peaks assigned to Si(0Al), Si(1Al), Si(2Al), Si(3Al) and Si(4Al) structures at near -105, -100, -95, -90 and -85 ppm,40 respectively, can appear in the 29Si MAS NMR spectra of zeolites. After the steaming treatment, the Al-rich Q4 Si structures of Si(2Al), Si(3Al) and Si(4Al) are expelled from the framework; accordingly, the proportions of Si(1Al), Si(0Al) and extra-framework Si (EFSi, at ca. -112 ppm41) increase (Figure 5a, 5b and 5g). It is noted that the higher percentage of the Al-rich Q4 Si structures in P-USY-1 disappear, which also proves the removal of more FAl species. On the one hand, the point defects within the zeolite framework distort the Al-O bonds and decrease the stability of P-NaY, resulting in the rapid hydrolysis of the Al-O bonds near the point defects;19 on the other hand, the vacancies formed by the expulsion of FFe atoms are further favorable to steaming dealumination. Specifically, silanol nests formed by the extraction of FFe atoms can interact with hydrogen bonds,
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 attracting water molecules to hydrolyze the zeolite framework, such as the Si-O-Al bonds, and thus facilitating the removal of FAl species. Moreover, the increases in Sexter and Vmeso of P-USY-1 are greater than those of C-USY-1 (Table S2), demonstrating the formation of more cavities in the former due to effective dealumination.

After the second round of ammonium exchange and steaming, the occurrence state of Fe species in the zeolite still exists in the form of EFFe species (Figure 3a and 3b). Meanwhile, as shown in Table S2, the textural parameters of P-NH4Y-2 obtained after the second ammonium exchange of P-USY-1 are comparable to those of P-USY-1. Notably, in the second steaming treatment, the abundant cavities in P-NH4Y-2 provide sufficient sites for the hydrolysis of Al-O bonds and thereby promote the efficient dealumination near these cavities. This is confirmed by the result that the proportion of EFAl species in P-USY-2 is higher than that in the conventional counterpart (Table 2). As seen in the 29Si MAS NMR spectra of P-USY-2 and C-USY-2 (Figure 5c and 5d), the disappearance of Si(3Al) structure and the lower proportion of Si(2Al) structure in P-USY-2 indicate the deeper removal of FAl species, and the formation of rich Si(1Al) and Si(0Al) structures markedly improves the SAR of P-USY-2 (Figure 5h). It should be pointed out that it is difficult for abundant cavities created by deferrization-dealumination to accommodate the Si(OH)4 that is recognized as a structural unit for repairing defect sites in the zeolite framework,43 implying that these cavities could not be repaired during steaming treatment. As a result, the formed cavities near the point defects gradually propagate and coalesce into interconnected mesopores during the steaming treatment.

Figure 3a and 3c shows that the UV-vis DRS spectrum of P-USY obtained after the final citric acid leaching displays a very weak peak, and the EPR spectrum of P-USY exhibits a weak signal at g = 4.3. In addition, the content of Fe2O3 decreased from 0.61 wt% of P-NaY to 0.11 wt% of P-USY (Table 1). These results indicate that more than 80% of Fe species in P-NaY are removed. The 27Al MAS NMR spectra of P-USY and C-USY in Figure 4a and 4b exhibit the obvious decreases in the signals at ca. 33 and 2 ppm in comparison with those of P-USY-2 and C-USY-2, respectively, suggesting that most EFAl species are dissolved during the final citric acid leaching. The 29Si MAS NMR spectra of P-USY and C-USY show that their Si coordination environments are barely changed, and their SARNMR values increase only slightly when compared with those of P-USY-2 and C-USY-2, respectively (Figure 5g and 5h). Meanwhile, the SARXRD values of P-USY and C-USY are similar with those of P-USY-2 and C-USY-2, respectively (Table 1 and Figure S13c). These results signify that almost no FAl species are extracted during the final citric acid leaching. As regarding to pore structure, the values of Sexter and Vmeso from P-NaY to P-USY increase by 111 m2/g and 0.23 cm3/g, respectively, whereas those from C-NaY to C-USY increase by only 73 m2/g and 0.18 cm3/g, respectively (Table S2), indicating that P-USY possesses much more mesopores and much higher external surface after the extraction of extra-framework species.

On the basis of the above discussion, we can safely draw a conclusion that the Fe species originally exist in the perlite are incorporated into the framework of P-NaY via the hydrothermal synthesis and function as the point defects in the zeolite lattice (Section 3.1), and the evolution from P-NaY with point defects to P-USY with outstanding features is described as follows. First, most of the instable FFe species are expulsed from the zeolite framework to create the vacancies in the first ammonium exchange, whereas the FAl species are not affected; subsequently, during the first steaming treatment, the vacancies formed via the expulsion of FFe species and the distorted FAl species near the point defects promote effective dealumination to generate abundant cavities; afterwards, in the second ammonium exchange, the occurrence state of Fe species and pore structure in the obtained sample remain unchanged; during the further steaming treatment, the formed cavities provide sufficient channels for the hydrolysis of Al-O bonds to remove more FAl species, and thus propagate and coalesce into interconnected mesopores; finally, extra-framework species are removed via the citric acid leaching to yield the USY zeolite (P-USY) with outstanding properties. The dealumination of Y zeolite with points defects is schematically illustrated in Scheme 2.

3.4 Catalytic performance
To evaluate the catalytic cracking performance of the prepared P-USY and C-USY samples, n-octane was selected as the model compound. As shown in Figure 6a, P-USY exhibits higher conversion of n-octane than C-USY. The kinetic diameter of n-octane is about 0.47 nm,44 much smaller than the micropore window (~0.74 nm) of a Y zeolite.
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 This means that n-octane molecules can easily penetrate the channels of Y zeolite. Therefore, the cracking behavior of n-octane over the two samples is mainly dependent on their acidity.
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 As clearly observed from the NH3-TPD spectra in Figure 6b, P-USY has less total acid sites but more strong acid sites than C-USY, which is in agreement with their framework SARs. By combining the Py-IR results shown in Table S4, the difference between the amounts of strong Lewis acid sites of the two zeolites can be neglected since the most EFAl species created by the steaming treatment are dissolved in the citric acid solution, whereas the amount of strong Brønsted acid sites (142 μmol/g) of P-USY is larger than that (113 μmol/g) of C-USY, which is attributed to the formation of slightly higher proportion of Si(1Al) structure in P-USY (Figure 5g), because the fewer next nearest neighboring Al atoms are able to enhance the acid strength of zeolites.
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 As is well known, the active sites in the catalytic cracking of hydrocarbons are positively related to Brønsted acidity.44 Hence, the conversion of n-octane over P-USY outperforms that over C-USY.
1,3,5-TIPB, whose kinetic diameter is about 0.95 nm,
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 was used as a model feedstock to demonstrate the advantages of the as-prepared P-USY for the catalytic cracking of bulky molecules. From the deactivation behavior for the catalytic cracking of 1,3,5-TIPB along with the time on stream (Figure 6c), the initial conversion (81.9%) of 1,3,5-TIPB over P-USY is higher than that (73.7%) over C-USY, while the deactivation rate of P-USY is slower than that of the counterpart. Since 1,3,5-TIPB molecules are too large to enter the micropores of Y zeolite, the catalytic cracking of 1,3,5-TIPB over Y zeolite is controlled by the porosity rather than acidity. The channel-like mesopores endow P-USY with better connectivity between mesopores and external surface, and thus markedly enhance the accessibility of acid sites. Moreover, the interconnected mesopore structure also profits the diffusion of 1,3,5-TIPB. As a result, P-USY exhibits superior catalytic activity for 1,3,5-TIPB cracking due to a mutual promoting relationship between the two factors.

It should be noted that, when the reaction proceeds to 100 min, the conversion of 1,3,5-TIPB over P-USY is maintained at above 80%, while that over C-USY drops from 73.7% to 64.6%. The product distributions at the reaction time of 100 min were analyzed to understand the difference of 1,3,5-TIPB cracking over the two samples, and the results are shown in Figure 6d. The selectivity of 1,3-diisopropylbenzene (1,3-DIPB) and isopropylbenzene (IPB) over P-USY is lower than that over C-USY, and the selectivity of benzene and propylene over the P-USY is much higher than that over C-USY. On the basis of the catalytic cracking of 1,3,5-TIPB illustrated in Figure S14, 1,3-DIPB and IPB are the intermediate products, and benzene and propylene are the target products.47 The isolated mesopores in C-USY make bulky molecules difficult to diffuse well in the channels, bringing about the decrease of 1,3,5-TIPB conversion, and hindering the cracking of the intermediate products. In addition, the poor diffusion efficiency of C-USY also makes propylene be further converted into small molecular hydrocarbons C1/C2 or carbon deposition.44 By contrast, P-USY possesses the significantly larger external surface and much more interconnected mesopores, and thereby exhibits good diffusion performance and outstanding carbon deposition capacity. This benefits both the further conversion of the intermediate products and the maintaining of catalytic activity, leading to the high yields of benzene and propylene in the cracking product.

4. CONCLUSION
In summary, we have developed a sustainable strategy to synthesize Y zeolite with point defects by using a Fe-containing natural perlite as the starting material, and shown the evolution from a Y zeolite with point defects to a USY zeolite with outstanding properties. The systematic characterizations reveal that Fe species originally existing in the natural perlite have been successfully incorporated into the framework of the as-synthesized Y zeolite during the hydrothermal synthesis, and that the proportion of framework Fe atoms in the Y zeolite synthesized from SMS-perlite is ca. 2.5 times that in the Y zeolite prepared from the synthetic chemicals. In addition, it is verified that these framework Fe atoms functioning as point defects distort the Al-O bonds surrounding them and thus decrease the stability of the zeolite framework. During the first ammonium exchange of the as-synthesized NaY zeolite, the instable framework Fe atoms are expulsed from the framework to generate the vacancies; during the followed first steaming treatment, the extraction of the framework Al species is effectively promoted due to distortion of the framework Al species and the existence of vacancies, further creating abundant cavities; and during the second steaming treatment, these cavities provide sufficient channels for the hydrolysis of Al-O bonds to remove more framework Al species, and their propagation and coalescence bring about the formation of interconnected mesopores; and during the final citric acid leaching, the generated mesopores in the resulting USY zeolite are exposed because of the dissolution of extra-framework Al species. The resulting zeolite possesses high framework SAR, large external specific surface area, excellent connectivity of mesopores, and superior (hydro)thermal stability as well as strong acidic sites when compared with its conventional counterpart, and thus exhibits outstanding catalytic cracking activities in the cracking of both n-octane and 1,3,5-TIPB. This work develops a novel route to introducing point defects into Y zeolite, gains a deeper insight into the role of point defects towards dealumination of Y zeolite, and thereby provides a promising strategy for synthesizing zeolites with point defects and tuning their properties.
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The numerical data from Figures 2b, 2c, 2d, 6a, and 6c are listed in the Supplementary Material. And the numerical data for the XRD patterns, FTIR spectra, NMR spectra, Raman spectra, UV-vis DRS spectra, EPR spectra, and NH3-TPD curves from Figures 1, 2a, 2e, 3, 4, 5, and 6b are available as a .zip file in the Supplementary Material. Experimental data shown without error bars are from individual experimental measurements.
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SCHEME 1 Stepwise dealumination of P-NaY and C-NaY.
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SCHEME 2 Schematic diagram of the dealumination process of the Y zeolite with point defects.
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FIGURE 1 (a) XRD patterns, (b) FTIR spectra and (c) 29Si MAS NMR spectra of P-NaY and C-NaY. (d) high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image and corresponding EDX mapping images for Si, Al and Fe elements of P-NaY. (e) UV Raman spectra and (f) UV-vis DRS spectra of P-NaY and C-NaY. (g) EPR spectrum of P-NaY.
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FIGURE 2 (a) XRD patterns, (b) N2 adsorption-desorption isotherms, (c) pore size distribution curves derived from the desorption branches of the isotherms, (d) mercury intrusion (solid lines) and extrusion (dotted lines) curves and (e) TG-DSC curves of P-USY and C-USY. (f) Crystallinity retention ratios of P-USY and C-USY after hydrothermal treatment at different temperatures.
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FIGURE 3 (a) UV-vis DRS spectra, (b) fitting curves for UV-vis DRS spectra and (c) EPR spectra of the samples obtained after the different stepwise treatment of P-NaY. IR spectra of (d) P-NaY and P-NH4Y-1, and (e) C-NaY and C-NH4Y-1 in the region of OH stretching vibration.
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FIGURE 4 27Al MAS NMR spectra of the samples obtained after different stepwise treatments of (a) P-NaY and (b) C-NaY. Fitting curves for 27Al MAS NMR spectra of (c) P-USY-1, (d) C-USY-1, (e) P-USY-2 and (f) C-USY-2.
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FIGURE 5 Experimental and simulated 29Si MAS NMR spectra of (a) P-USY-1, (b) C-USY-1, (c) P-USY-2, (d) C-USY-2, (e) P-USY and (f) C-USY. (g) Proportions of various Si(nAl) species (n=0, 1, 2, 3 and 4) and EFSi in the different zeolites obtained from 29Si MAS NMR spectra. (h) Framework SARNMR values of the different zeolites.
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FIGURE 6 (a) Conversion of n-octane as time on stream over P-USY and C-USY. (b) NH3-TPD curves of P-USY and C-USY. (c) Deactivation behavior for the catalytic cracking of 1,3,5-TIPB, and (d) product distributions of 1,3,5-TIPB cracking over P-USY and C-USY at 100 min. Benzene and propylene are represented as BZ and PE, respectively.

TABLE 1 Physicochemical parameters of the different zeolites.

	Sample
	a0a (Å)
	SARXRDb
	SARNMRc
	Bulk SARd
	Fe2O3 contentd (wt%)

	P-NaY
	24.66
	5.07
	5.02
	5.14
	0.61

	C-NaY
	24.66
	5.13
	5.07
	5.22
	0.07

	P-USY
	24.36
	17.83
	18.78
	14.59
	0.11

	C-USY
	24.40
	14.15
	14.82
	11.34
	0.02


Notes: aCalculated by XRD, bobtained by Equation (1), ccomputed according to Equation (2), dmeasured by XRF.
TABLE 2 Proportions of various Al species in the different samples obtained from 27Al MAS NMR spectra.

	Sample
	FAl (%)
	
	EFAl (%)

	
	~63 ppm
	~56 ppm
	Total
	
	~33 ppm
	~2 ppm
	Total

	P-USY-1
	17.1
	40.2
	57.3
	
	34.3
	8.4
	42.7

	C-USY-1
	21.6
	41.8
	63.4
	
	28.5
	8.1
	36.6

	P-USY-2
	11.1
	23.3
	34.4
	
	45.2
	20.4
	65.6

	C-USY-2
	11.8
	33.7
	45.5
	
	36.6
	17.9
	54.5


Note: Chemical shifts of 27Al MAS NMR at 65~50, 40~30 and 15~-10 ppm are assigned to tetra-coordinated, penta-coordinated and hexa-coordinated Al species, respectively.
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