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Abstract

:

Coke formation on n-butene cracking catalyst is the main reason for the reducing of its lifetime. To study the effects of acidity and textural properties on the coke formation process, a series of HY zeolite-type catalysts were prepared by ammonium hexafluorosilicate treatment (AHFS). NH3-TPD and Py-IR-TPD were used to systematically study the change law of zeolite acidity. It was found that with the increase of AHFS concentration, the acid density decreased, whereas the ratio of Brønsted acid to Lewis acid first increased and then decreased. Meanwhile, the percentage of Brønsted acid inside the supper cages increased and the strength of Brønsted acid increased with the degree of dealumination. Combined with in situ IR study on coke formation, the relationship between coking and acid site was revealed. It was found that the rate of coke formation on zeolites was affected by acid density, which is the rate of coke formation decreased with the decline of acid density. When the acid density remains at the same level, it was the acid strength that determined the coke formation rate—the stronger the acid strength, the faster the coke formation rate.
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1. Introduction


Propene, as one of the most important chemicals, its downstream products such as polypropylene and acrylonitrile play a crucial role in industry and the economy [1,2,3,4]. With the increasing demand for propylene, how to further improve the yield and production efficiency of propylene has become a current research hotspot [5,6]. In recent years, several new techniques have been developed to produce propene, including catalytic cracking of heavy oil and light olefins, olefin disproportionation, naphtha catalytic cracking, propane dehydrogenation, methanol to olefins, etc. [7,8]. Among the above techniques, the catalytic cracking technique has drawn great attention because of its low reaction temperature, high propene yield, and controllable products distribution [9].



The key problem of butene catalytic cracking is the proper design of the catalyst. Zeolite is the most widely used type of catalyst. However, in the reaction process, its fast deactivation remains an urgent problem. Therefore, research on the catalyst deactivation mechanism of light olefins catalytic cracking and on developing new catalysts with higher performance and stability has drawn great interest from researchers [10,11,12,13]. Coking is the most important and common reason for catalyst deactivation [14]. With zeolites as the catalyst, during the reaction process, the formed coke may directly cover the acidic active sites of zeolites, and it will also cause the blockage of channels. In the end, the internal and external diffusion of the catalytic reaction is forced to stop, and the catalyst was deactivated.



Tang et al. [15] found that, after 50 h of reaction over ZSM-5 zeolite, the conversion was reduced from 85% to less than 60%. It was mainly caused by the coking on acidic sites. Wang et al. [16] also found the conversion on ZSM-5 reduced from 80% to 50% after 48 h of reaction. Hydrogen transfer and aromatization reactions were obvious on the strong acid sites on ZSM-5, and it helped the formation of coke [17]. Zhu et al. [18] claimed that during the butene cracking, the catalyst of HMCM-22 deactivated quickly in the first hour, and in this time, the distribution of the product varies a lot. The reaction condition can greatly influence the performance of MCM-22 zeolite. Liu et al. [19] introduced mesopores in microporous zeolites, which gifted the catalyst higher pore volume and better tolerance of coking. To some degree, it resolved the problem of diffusion and weak coke tolerance of microporous material.



Although a great amount of research has been conducted on the coking of zeolites, which focuses on the resistance of coke and analyzes the structure of coke and the influence of coke on acidic properties and activity of zeolites, the synergy effect of pore structure and acidic properties of Y zeolite on coke formation is still unclear. Study of this synergy effect is of great importance to guide the synthesis of catalysts with high resistance of coke.



Based on the above-mentioned problems, in this paper, four kinds of Y zeolite with different Si/Al ratios are synthesized by post-treatment of ammonium hexafluorosilicate (AHFS) [20,21,22]. XRD, NH3-TPD, Py-IR, and N2 adsorption–desorption were used to characterize their textural and acidic properties. In situ IR technology was used to study the coking process during 1-butene catalytic cracking on the four kinds of Y zeolite. Based on the analysis, the active sites for coke formation were clarified, and by associating the coking process and textural and acidic properties, the rate of coke formation was calculated and the structure–activity relationship between the textural properties and coke resistance was investigated. The synergy effect of multifactors affecting the coke formation on zeolite was revealed, which can be utilized to guide the post-treatment of catalysts.




2. Results and Discussion


2.1. Influence of AHFS Treatment on Zeolite Structure


N2 adsorption–desorption isotherm and pore size distribution before and after AHFS treatment are shown in Figure 1 and Figure 2. It can be seen that when P/P0 is less than 0.85, the adsorption curve and desorption curve of HY were completely coincident. It is the typical character of type I isotherm, indicating the single regular pore structure of HY zeolite, and the channels are made up of micropores [23]. With the increase of concentration of AHFS during the treatment, the hysteresis loops in N2 adsorption–desorption isotherm of SSY-1, SSY-2, SSY-3, and SSY-4 are getting larger, showing the typical type IV isotherm [24]. This may be caused by the rate of dealumination increase with the concentration of AHFS; however, the rate of silicon migration to replenish aluminum vacancies is gradually slower than the rate of dealumination. Therefore, the volume of mesopores gradually increased, and the distribution of pore diameter of mesopores slightly broadened [25,26].



The textural properties of Y zeolites before and after AHFS treatment are shown in Table 1. The results indicate that with the increase of AHFS concentration, the specific surface area and pore volume of the modified Y zeolites first increased and then decreased. When the concentration of AHFS is at a low level, the HF and NH4F formed in the solution are able to dissolve the amorphous species and extra-framework species within zeolite channels. Thus, the specific surface area of zeolite will increase. During the AHFS treatment, dealumination and silicon replenishment of zeolite Y happen simultaneously. The newly formed hydroxyl holes will be filled by Si(OH)4 from the hydrolysis of AHFS, and finally, the total pore volume decreases with the increase of AHFS concentration [27]. When the concentration of AHFS is at a high level, the HF formed in the solution will dissolve both the extra-framework aluminum and framework aluminum. The dissolved framework aluminum may deposition in the zeolite channels as extra-framework aluminum; however, the silicon species formed from the hydrolysis of AHFS can hardly fill in the hydroxyl holes in time. Furthermore, at the specific temperature, the silicon species will be transformed into amorphous silica and will block the channels of zeolite, which will cause the decrease of specific surface area and pore volume [21].



The crystallographic properties are calculated according to [28], and the Si/Al ratios are calculated according to [29,30]; they are shown in Table 2. Taking the crystallinity of parent HY zeolite as 100%, as the concentration of AHFS increased, the crystallinity of modified zeolites first increased and then decreased. It implies that at low concentration, the rate of dealumination and silicon replenishment were at the same level, and the framework of zeolite can be well preserved. With the increase of AHFS concentration, the dealumination was faster than silicon replenishment, and more hydroxyl holes were created. Therefore, the framework of zeolite was destroyed, and the relative crystallinity decreased.



With the increase of AHFS concentration, the framework Si/Al ratio and global Si/Al ratio increased at the same time, while the extra-framework aluminum first increased and then decreased. The extra-framework aluminum of SSY-1 is 0. It implies that at low AHFS concentration, most of the dealumination was proceeding at the external surface of HY zeolite, and the extra-framework aluminum there was easy to be dealuminated. With the increase of AHFS concentration, the content of extra-framework aluminum of SSY-2 and SSY-3 went up to 3, indicating more and more dealumination took place inside the zeolite channels and the extra-framework aluminum left in the channels cannot be removed in time due to the diffusion limitation. As the concentration of AHFS further increased, the relatively low content of extra-framework aluminum on SSY-4 could be addressed by the collapse of channels in the high concentration of AHFS, and the removal of extra-framework aluminum has gotten rid of diffusion constraints in this situation.




2.2. Acidic Properties of the Modified Zeolites


The NH3-TPD curve of Y zeolites before and after AHFS treatment is shown in Figure 3. From Figure 3, with the increase of concentration of AHFS, the peak area of modified Y zeolites declined gradually, and the peak presenting strong acid sites at 350 °C disappeared gradually, while the desorption peak for weak acid sites moved to low temperature. This indicates that, with the degree of dealumination increase, the acid amount and acid strength of modified Y zeolites declined gradually.




2.3. IR Spectra of the Hydroxy Groups


IR spectra of the hydroxy groups of modified Y zeolites are shown in Figure 4. The hydroxy groups of modified Y zeolites display three obvious stretching vibration peaks in the infrared region. The absorption peak at 3630 cm−1 is attributed to the hydroxy group in supper cages, and the absorption peak at 3550 cm−1 is attributed to the hydroxy group in SOD cages. The peak at 3740 cm−1 was regarded as Si-OH stretching vibration peak at silanol nests formed by dealumination of framework aluminum. Of note is that Si-OH was regraded inactive for n-butene cracking because of its weak acid strength [19]. Stretching vibration peak for extra-framework aluminum were barely detectable for any samples, which indicates it has been almost completely removed in AHFS treatment [15].



Whether the hydroxyl group can participate in the reaction is related to its position. The narrow channel of SOD cages has limited the access of hydroxyl group inside to reactant (even CO molecule is inaccessible to the hydroxyl group inside SOD cage); therefore, the catalysis activity of hydroxyl group inside SOD cages is limited [31]. The supper cages consist of 12-membered rings, and the pore diameter is about 0.74 nm, which means that most of the hydroxyl group inside is able to participate in catalysis reaction [32]. Through normalization of peak areas at 3630 cm−1 and 3550 cm−1, the relative content of hydroxyl groups inside SOD cages and supper cages can be obtained, as shown in Figure 5. It can be seen that as the degree of dealumination increases, the relative content of hydroxyl groups inside supper cages increased and that in SOD cages decreased, which indicates the SOD cages were opened in the process and became supper cages by connecting each other. In this case, though the acid amount decreased, the percentage of acid sites inside supper cages increased, and the accessibility of acid sites also increased.




2.4. Pyridine-IR Study of the Acid Properties


According to the Lambert–Beer law, the acid amount of AHFS modified Y zeolites through FT-IR is shown in Table 3 [29]. It can be seen that the acid amount from FT-IR characterization is identical to the results of NH3-TPD. As the degree of dealumination increases, the acid amount decreases [33]. The amount of Brønsted acid and Lewis acid is related to the framework and extra-framework aluminum, respectively. For modified Y zeolites, the ratio of Brønsted acid site to Lewis acid site in strong acid sites is much higher than it in weak acid sites, which indicates the extra-framework inside the channels exists as weak acid sites. With the increase of AHFS concentration, the ratio of Brønsted acid site to Lewis acid site of modified Y zeolites keeps decrease. SSY-1 possessed the highest B/L ratio, since at low concentration of AHFS, more framework aluminum can be preserved, and extra-framework aluminum can be removed efficiently. When the AHFS concentration is at a high level, the dealumination of framework aluminum increases, which results in the decrease of Brønsted acid amount and the decrease of B/L ratio. The Pyridine-IR spectra for ammonium hexafluorosilicate modified zeolites is available in support information Figure S5.



In this study, it is assumed desorbed probe molecules will not react or reabsorb with the surface of the catalyst according to [34]. The desorption rate of probe molecules from a specific type of acid site can be described by the Wigner–Polanyi equation:


  N  ( t )  = −    V m   d θ    dt   =  v n   θ n  exp  [    −  E d    R T  ( t )     ]   



(1)




where N(t) is the desorption rate; Vm is monolayer saturated adsorption amount; θ is the surface coverage; Vmdθ is amount of adsorption of pyridine; n is the reaction order; vn is a frequency factor; Ed is the desorption activation energy; R is ideal gas constant (8.314 J mol−1 K−1) and T is the absolute temperature; t is desorption time. Under our experimental conditions, the desorption rate of pyridine was determined with the following Wigner–Polanyi Equation (1), assuming that the desorption is irreversible and the desorbed pyridine does not react or readsorb as well as no heat and mass transfer limitations exist.



Taking the adsorption peak at 1540 cm−1 as the characteristic peak of pyridine adsorbed on Brønsted acid site, in the progress of temperature-programmed desorption, the curve of the adsorption amount of pyridine on the acid center as a function of the desorption time can be obtained by continuous integration of peak areas. Convert the time-referenced heating rate and the initial temperature to the corresponding desorption temperature, one can obtain the distribution curve of pyridine coverage on Brønsted acid centers as a function of desorption temperature, and then the slope of this curve can be used to calculate the pyridine desorption rate dσ/dt. Variation curves of pyridine adsorption capacity with desorption temperature on Brønsted acid site for different zeolites are shown in Figure 6.



Plot ln(−dσ/dT/σn) against T−1, and linearly fit the results, desorption activation energy of basic probe molecules on acid sites can be obtained by multiply the slope of the curve and ideal gas constant R, and the reaction order n of desorption reaction can be obtained by the plotting method. The coke formation rate, fitting curve, and linear equation of ammonium hexafluorosilicate modified zeolites are available in support information Figure S9 and Figure S10a–d, respectively



The result of fitting and calculation shows, in the reaction of temperature-programmed desorption of pyridine on Brønsted acid sites of zeolites, when the reaction order is 1, the linear correlation result is a negative correlation, and the absolute value of the linear correlation coefficient is the largest, and the fitting standard deviation is the smallest, which can be used to determine the first-order reaction of desorption reaction on SSY-1, SSY-2, and SSY-3. On SSY-4, the reaction order is 3. The R squared values obtained from the fitting process were shown in Table S5.



Using pyridine as probe molecule in TPD-IR reaction, two types of Brønsted acid sites on Y zeolites can be distinguished, since the molecular size of pyridine limited its access to the hydroxyl group inside SOD cages, and the acid sites inside supper cages are accessible. The linear fitting results show that, in supper cages, there are two values for the activation energy of pyridine desorption. Li et al. [35] obtained the same results and attributed it to the different states of absorbed pyridine inside the supper cages. The corresponding desorption activation energy of pyridine is shown in Table 4.



From the results of Ed in Table 4, the acid strength of four modified zeolites can be determined as follows: SSY-4 > SSY-3 > SSY-2 > SSY-1. As the degree of dealumination increases, the Brønsted acid density decreases, and the strength increases.




2.5. FT-IR Study of the Coke Formation


Karger et al. [36] performed in situ FT-IR technology studied the process of coke formation in ethylbenzene disproportionation and olefin conversion, and the reaction condition inside the in situ reactor cell is close to that in the microreactor. In this research, their method was used, and the effects of acidity and pore structure on coke formation on modified Y zeolites were studied in the process of butene catalytic cracking. Using in situ FTIR, the reaction under 400 °C was characterized, and the intensity change of adsorption peak of hydroxyl groups at 3630 cm−1 and 3550 cm−1 with time was determined to display the change of Brønsted acid amount on the surface of catalysts.



The pore size of SOD cage of Y zeolite is 0.26 nm, and the pore size of supper cage and hexagonal cage is 0.75 nm and 0.155 nm, respectively. However, the dynamic diameter of butene is 0.45 nm, which means it will not enter SOD cages and hexagonal cages, and the possible reaction place is inside supper cages. As shown in Figure 7, the area of peak at 3630 cm−1, which belongs to the hydroxyl group inside supper cage, declined sharply with the proceeds of reaction, indicating it was affected badly by coke [37]. While for the hydroxyl group inside SOD cage at 3550 cm−1, the peak area was almost not affected, because the pore size limited the entrance of butene. Obviously, from changes of reactive hydroxyl groups at different positions with reaction obtained from Figure 7, it can be regarded that hydroxyl groups inside supper cages are the active sites for butene cracking instead of those inside SOD cages.



In the beginning of the reaction, the stretching vibration peaks appear at 2970 cm−1, 2935 cm−1, and 2878 cm−1, indicating the adsorption of butene on zeolites. As the reaction proceeds, the stretching vibration peak appearing at 1602 cm−1 reveals the formation of aromatics [38,39], which could be addressed from cyclodehydrogenation of adsorbed butene. For a longer reaction time, the peak at 1602 cm−1 disappeared, and a new peak that appeared at 1580 cm−1 was regarded as the characteristic peak of coke species [40], indicating the coke was formed from condensation dehydrogenation of aromatics. This conclusion is in accordance with the work of Li et al. [41]. They proposed the mechanism of catalytic cracking of n-butene through experiment and theoretical analysis. First of all, butene dimerization to give C8, and C8 undergo direct cracking or isomerization; then, it will further react with C4 olefin and give C12 and other oligomers and aromatics and coke.




2.6. Effect of Acidity on the Nature of Coke


Sahoo S K et al. [42,43] proposed that the deactivation of catalyst will be accelerated with relatively high Brønsted acid density, and it is the acid density other than acid strength that determines the coke formation on zeolites. Boveri et al. [44] reported the treatment of parent zeolite with steam dealumination, acid dealumination, or silanization could raise the Si/Al ratio and significantly lower the rate of coke formation and prolong the lifetime of catalysts.



To further study the effects of acidity and textural properties of zeolites on coke formation, the peak at 1580 cm−1, which belongs to the C=C stretching in microcrystalline graphite structure, was taken as the characteristic peak of coke species [40]. Performing continuous integration of the peak area, the curve of coke deposition as a function of time can be obtained, in which the slope of this curve is the rate of coke formation. As shown in Figure 8, by comparing the rate of coke formation on four modified zeolites, one can find the general trend is that the coke formation slows down with the decrease of acid density at the beginning of the reaction, which is in accordance with former research [33]. However, this trend reversed on SSY-2 and SSY-3, on which the former catalyst has higher acid density but possesses a lower coke formation rate. This could be explained by the results of Py-IR characterization. Although the acid amount of SSY-2 is 7.65 × 10−4 mol/g, higher than that of SSY-3 with the value of 6.71 × 10−4 mol/g, the Brønsted acid strength of strong acid sites on SSY-2 is much weak than that on SSY-3, which can be proved by the value of adsorption activation energy with Ed = 11.6 KJ/mol on SSY-2 versus Ed = 15 KJ/mol on SSY-3. In the initial stage of the reaction, the coke formation mainly happens on strong acid sites. Therefore, the rate of coke formation on SSY-3 is higher than that on SSY-2.



In general, coke formation on zeolites is influenced by acid density, which means the decrease of acid density will slow down the rate of coke formation. However, through in-situ FT-IR technology, a counterexample was found. It can be concluded that acid strength determines the carbon deposition rate when the acid density is basically the same, and the stronger the acid strength is the faster the coke formation is. Therefore, when modification is performed on zeolite-type catalysts to enhance the resistance of coke, apart from reducing the acid density, it is necessary to consider the effect of the modification process on the acid strength.





3. Experimental


3.1. Materials


NaY zeolite (NanKai Catalyst Company, Tianjin, China), ammonium hexafluorosilicate (98%, Aladdin Shanghai, Shanghai, China), n-butene (99.9%, Beijing ZG Special Gases Science & Technology Co., Ltd., Beijing, China), Ar (99.9%, Beijing ZG Special Gases Science & Technology Co., Ltd.), and ammonium chloride (99.5%, Sigma-Aldrich, Saint Louis, MO, USA).




3.2. Dealumination


HY zeolite was prepared from commercial sodium Y (NaY) zeolite with Si/Al atom ratio 2.6 provided by the catalyst plant of Nankai University (containing approximately 12 wt % Na). HY zeolite was prepared by threefold ion exchange of the NaY zeolite at 85 °C for 1 h in suspensions of 15 wt % aqueous solution of NH4NO3 (6.7 mL/g of zeolite), the molar concentration of NH4NO3 is 1 mol/L. The resulting solid was filtered and repeatedly washed three times with distilled water. The solid was dried at 120 °C for 10–15 h and calcined in a muffle furnace under 300 °C for 2 h to decompose the NH4+ ions; in that way, Na content was reduced to less than 0.15 wt % [45].



Further chemical treatments with ammonium hexafluorosilicate (AHFS) were performed to the HY zeolite. Typically, a suspension of 10 g HY zeolite in 100 mL of 0.8 M ammonium acetate solution (pH = 6.7) was heated under stirring at 90 °C, and then 20 mL AFHS solution was added dropwise under stirring. The suspension was then stirred vigorously for 3 h at 90 °C. In the end, the zeolite was recovered by filtration and repeatedly washed 3 times with boiling water. The solid was dried for 10–15 h at 120 °C and calcined at 500 °C for 4 h [46,47,48].



The amount of AHFS was varied and the mole ratio of AHFS-to-aluminum content of HY zeolite was varied between 0.2 to 0.5. Samples were denoted as SSY-n, where “1–4” corresponds to the mole ratio of AHFS-to-aluminum content of HY zeolite “0.2–0.5”.




3.3. Physicochemical Characterization


A Rigaku ZSX 100 e X-ray fluorescence (XRF) spectrometer was used for the measurement of the bulk chemical composition of the zeolites. X-ray photoelectron spectroscopy (XPS) measurements were performed on ESCALAB 250 (VG) using Al Ka (hm = 1486.6 eV) radiation. Binding energies were referred to the C 1s at 285.0 eV.



X-ray diffraction patterns of the zeolites were obtained using a Bruker AXS D8 Advance X-ray diffractometer with monochromatized Cu Ka radiation (40 kV, 40 mA). Before the XRD measurements, the zeolite powder was dried at 393 K for 2 h in an oven and then kept in a closed vessel containing supersaturated aqueous CaCl2 solution for 16 h to stabilize the moisture content of the zeolite. The relative crystallinity was estimated by comparing the peak intensities of the treated samples with that of the parent sample according to SH/T 0340–92. The total integrated intensities of the eight peaks assigned to the (331), (511), (440), (533), (642), (822), (555), and (664) reflections were calculated for the comparison. The scan range is from 15 to 35, and the scan rate was 2/min with a step width of 0.02. The unit cell parameters of the parent HY and AHFS dealumination zeolites were analyzed from the diffraction data using the Le Bail method [49].



The aluminum content of the framework was determined using the relationship between the unit cell size and the number of aluminum atoms in the unit cell [50]. For this purpose, the scan range is from 5 to 60, and the scan rate was 1/min with a step width of 0.02. The unit cell parameters of the parent HY and the AHFS dealumination zeolites (a0) were determined from the position of the (555) reflection, using pure silicon (99.999 wt.%) as the internal standard for angle calibration (2θ = 28.443) according to SH/T 0339–92. The scan range is from 28 to 32, and the scan rate was 0.05/min with a step width of 0.02. The framework Si/Al ratios of all the Y-type zeolites involved in this work were obtained from the a0 by Eq from [51], a0 taken in nm.


  Si / Al =   2.5935 −  a 0     a 0  − 2.4212    



(2)







Nitrogen physisorption measurements were performed at liquid-nitrogen temperature with a Micromeritics ASAP 2020 apparatus. Prior to the measurements, all samples were vacuum-degassed at 623 K for 5 h. The total surface area was determined by the BET method. The micropore and external surface areas as well as the micropore volume were calculated using the t-plot method. The pore size distribution profile and the mesopore volume were obtained using the BJH method with the N2 desorption isotherm.




3.4. Acidity Measurements


For all samples, the IR spectra were recorded on a Bruker 70 V spectrometer with a resolution of 4 cm−1. Zeolite powders were pressed in self-supported zeolite disks (10–15 mg/cm2), placed into an in situ IR cell, heated at 1 K/min to 673 K under vacuum, and kept at 673 K for 2 h. The spectra were recorded after cooling to room temperature [52]. IR spectra of the hydroxyl region (3000–4000 cm−1) were recorded. The pyridine adsorption was carried out at room temperature for 2 h and then heat up to 673 K at a rate of 3 K/min under vacuum to eliminate pyridine. IR spectrum was recorded synchronously from 373 K to 673 K over 100 min with one scan per minute.




3.5. In Situ FTIR Reaction


The in situ FTIR reactions were carried out at 623 K. A gas mixture of butene/He (with molar ratio5%:95%) was used in the FTIR reaction.



Before the experiments run, the zeolite disks were heated at 673 K under vacuum for 60 min. After cooling to room temperature, the background of the sample IR spectrum was recorded. The mixture gas was introduced to in situ IR cell at 350 °C with a speed of 2 mL/min. IR spectrum was recorded synchronously over 600 min with one scan per 2 min at a spectral resolution of 4 cm−1.





4. Conclusions


In this article, AHFS treatment was performed on HY zeolite to raise the Si/Al ratio. The effect of dealumination on textural properties and acidity was studied, and its effect on coke formation on Y zeolites in butene cracking was further explored.



The results show: (1) AHFS treatment could be used to perform dealumination on HY zeolite and effectively adjust the acidity. With the increase of AHFS concentration, the degree of dealumination increases, which leads to the decrease of acid density and the change of B/L acid ratio. The Brønsted acid inside supper cages increased and the utilization of total Brønsted acid also increased. (2) The rate of coke formation is influenced by acid density. With the decrease of acid density, the rate of coke deposition is decreasing. However, when the acid density is close, it was the acid strength that determines the rate of coke formation, which means the stronger the acid strength is the faster the coke formation is. (3) With the increase of dealumination degree, the most probable distribution peak of mesoporous pore size of the zeolites broadened, and the mesoporous pore volume further increases, which improves the diffusion property of the zeolites and greatly enhances the resistance to coke deposition.
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Figure 1. Nitrogen adsorption–desorption isotherms of the modified and parent zeolites. 
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Figure 2. Pore size distributions of the modified and parent zeolites. 
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Figure 3. TPD spectra of parent HY and ammonium hexafluorosilicate modified zeolites. 
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Figure 4. IR spectra of the ammonium hexafluorosilicate modified zeolites hydroxy groups. 






Figure 4. IR spectra of the ammonium hexafluorosilicate modified zeolites hydroxy groups.



[image: Catalysts 12 00640 g004]







[image: Catalysts 12 00640 g005 550] 





Figure 5. Intensity of the ammonium hexafluorosilicate modified zeolites HF and LF bands. HF: the high frequency band at 3630 cm−1. LF: the low frequency band at 3550 cm−1. 
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Figure 6. The ammonium hexafluorosilicate modified zeolites linearly fitting curve of pyridine coverage in Brønsted. 






Figure 6. The ammonium hexafluorosilicate modified zeolites linearly fitting curve of pyridine coverage in Brønsted.



[image: Catalysts 12 00640 g006]







[image: Catalysts 12 00640 g007 550] 





Figure 7. The ammonium hexafluorosilicate modified zeolites hydroxyl groups characterization during the coke formation reaction. 
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Figure 8. Coke formation rate of ammonium hexafluorosilicate modified zeolites. 
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Table 1. Textural properties of the modified and parent zeolites.
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Sample

	
Smicro a

	
Sext b

	
Vmicro c

	
Vmeso d




	
m2/g

	
m2/g

	
cm3/g

	
cm3/g






	
HY

	
605

	
46

	
0.30

	
0.04




	
SSY-1

	
608

	
49

	
0.30

	
0.06




	
SSY-2

	
566

	
52

	
0.28

	
0.07




	
SSY-3

	
504

	
60

	
0.25

	
0.10




	
SSY-4

	
420

	
74

	
0.21

	
0.14








a t-plot micropore area. b t-plot external surface. c t-plot micropore volume. d Mesopore volume (Vtotal–Vmicro), Vtotal is total pore volume test at p/p0 = 0.99.
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Table 2. The structural properties of the modified and parent zeolites.
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	Sample
	a0 (Å)
	Crystallinity%
	Framework

Si/Al Ratio
	Global

Si/Al Ratio
	Total

Al
	Framework Al a
	Extra-Framework

Al b
	B Acid Sites

(×10−4 mol/g)





	HY
	24.641
	100
	3.021
	2.550
	54
	48
	6
	43



	SSY-1
	24.582
	151.8
	3.660
	3.720
	41
	41
	0
	37



	SSY-2
	24.536
	162.5
	4.325
	3.905
	39
	36
	3
	32



	SSY-3
	24.492
	147.3
	5.145
	4.535
	35
	31
	3
	28



	SSY-4
	24.467
	126.2
	5.755
	5.495
	30
	28
	1
	25







a Framework Al was obtained by X-ray diffraction (XRD) method. b Extra-framework was obtained from Equation S8 in supporting information.
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Table 3. Acidic properties of ammonium hexafluorosilicate modified zeolites.
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Sample

	
Acid Type

	
Total Acid Sites

(10−4 mol/g)

	
B/L Ratio

	
Strong Acid Sites

(10−4 mol/g)

	
Weak Acid Sites

(10−4 mol/g)






	
SSY-1

	
Brønsted acid

	
8.71

	
62.214

	
6.76

	
1.95




	
Lewis acid

	
0.14

	
0.03

	
0.11




	
SSY-2

	
Brønsted acid

	
7.25

	
18.13

	
5.37

	
1.88




	
Lewis acid

	
0.40

	
0.15

	
0.25




	
SSY-3

	
Brønsted acid

	
6.40

	
20.64

	
5.15

	
1.25




	
Lewis acid

	
0.31

	
0.05

	
0.25




	
SSY-4

	
Brønsted acid

	
5.27

	
17

	
3.61

	
1.66




	
Lewis acid

	
0.31

	
0.14

	
0.17
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Table 4. The ammonium hexafluorosilicate modified zeolites Ed value obtained from the slope of the best-fitting curve.
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	Zeolite
	Ed Strong (KJ/mol)
	Ed Weak (KJ/mol)





	SSY-1
	11.5
	4.9



	SSY-2
	11.6
	5.7



	SSY-3
	15
	8.2



	SSY-4
	20.4
	10.9
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