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Abstract

:

Platinum catalysts loaded on a hybrid support, composed of HZSM-48 and pseudoboehmite, were applied to the synthesis of benzene through methylcyclopentane (MCP) reforming in order to investigate the effect of the addition of pseudoboehmite to Pt/HZSM-48 for ring-enlargement reaction. A total of 0.5 wt% of platinum was impregnated on the hybrid support by using the incipient wetness method. Catalyst characterization was performed with nitrogen sorption, X-ray diffraction, temperature-programmed desorption of NH3, and infrared spectroscopy of adsorbed pyridine. It was found that mesoporous structures were well-developed in Pt/(HZSM-48 + pseudoboehmite) catalyst as a result of the pseudoboehmite addition, of which the average pore size was in the range of 7–8 nm. The presence of pseudoboehmite in the catalyst increases the total amount of acid sites and weakens the acid strength, compared with those of the Pt/HZSM-48 catalyst. Lewis acid sites were more abundant than Brönsted acid sites over the Pt/(HZSM-48+pseudoboehmite) catalysts. It was found that selectivity to the ring-enlargement reaction is dominant over selectivity to the ring-opening reaction over the Pt/(HZSM-48 + pseudoboehmite) catalysts. The benzene yield over Pt/(HZSM-48 + pseudoboehmite, 1:1) catalyst reached 65.1% at 450 °C and 0.3 h−1. As well as being influenced by the mesoporous structure, the higher activity and selectivity in MCP reforming was also determined by appropriate acidity of the Pt/(HZSM-48 + pseudoboehmite) catalysts.
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1. Introduction


Benzene, toluene, and xylene (BTX) are valuable organic chemicals. Traditionally, BTX has been produced primarily through petroleum-based processes, such as steam cracking and catalytic reforming of naphtha. Recently, the diversification of BTX sources has attracted much attention with an increased demand for BTX [1]. In the petrochemical process, a large amount of methylcyclopentane (MCP) is produced as a by-product, and the process of producing benzene from MCP has been steadily becoming important [2,3,4,5,6,7]. The reforming of MCP is known to be a combination of three types of competing reactions over the noble metal/solid acid catalysts as follows [2,8,9,10,11,12,13]: Conversion to cyclohexane and benzene by ring enlargement (RE), conversion to n-hexane and iso-hexane via ring opening (RO), and generation of light molecules that contain less than 6 carbon atoms by cracking. Product selectivity is known to be related to the nature of the catalyst and the operating conditions [14].



In general, the ring enlargement of MCP is known as a bifunctional reaction that requires metal and acid sites [4]. In dual functional catalysts, the active metal sites promote hydrogenation and dehydrogenation, while the acid sites promote skeletal isomerization. MCP, the reactant, goes through adsorption, surface reaction, and desorption at two types of independent active sites to form olefin intermediates, which produce cyclohexane and benzene by their mutual reaction. Cyclohexane is further dehydrogenated and converted to benzene.



Amorphous oxide, zeolite, mesoporous material, and hybrid supports composed of amorphous oxide and zeolite have been studied as general supports for MCP reforming catalysts. Al2O3, SiO2, and ZrO2-SiO2 have been used as amorphous supports [12,13,15,16,17,18]; and Y zeolite, HZSM-5, mordenite, beta zeolite, L zeolite, and AlPO4 have been applied as zeolite supports [1,4,5,8,9,13]. Recently, studies on mesoporous materials, such as SBA-15 and MCF-17, have been reported [2,3]. As active metal sites that play a role of hydrogenation/dehydrogenation, precious metals, such as palladium, platinum, iridium, and rhodium, are mainly used in the form of a single metal or bimetal [9,10,12,15,16,17,19,20,21]. Catalysts to which Ni and W are applied have also been reported [3,12].



Recently, studies on hybrid supports composed of zeolite and amorphous oxide in hydrodesulfurization, hydrocracking, and catalytic cracking have been conducted [6,7]. Among the amorphous oxides used in hybrid supports, alumina has various advantages [18,22]. Alumina acts as an inorganic binder using its strong mechanical strength while at the same time performing as a catalyst with acid sites. Therefore, in the catalytic cracking reaction, the alumina matrix can exhibit a pre-cracking effect that is independent of the zeolite component. Moreover, alumina is known to protect the zeolite component from hydrothermal decomposition during catalyst regeneration. Therefore, the alumina matrix is considered to be effective in the aromatization reaction at high temperatures [18].



ZSM-48 contains a 10-membered ring channel structure with a pore diameter of 0.56 nm × 0.53 nm and is reported to be an acid support of a catalyst for the hydroisomerization reaction of n-alkane [23]. To the best of our knowledge, ZSM-48 was utilized in the MCP reforming process for the first time in this study, in which a hybrid material that combines HZSM-48 zeolite and pseudoboehmite is used as a catalyst support. The present study focused elucidating the performance of a catalyst that has platinum impregnated on hybrid supports composed of zeolite and pseudoboehmite as a catalyst for ring enlargement (RE) of MCP to selectively produce benzene. The characteristics of the catalyst were analyzed by N2 adsorption-desorption, X-ray diffraction (XRD), temperature-programmed desorption of NH3 (NH3-TPD), and Fourier transform infrared spectroscopy of adsorbed pyridine (Pyridine-FTIR). The effects of the catalyst on MCP conversion, selectivity to benzene, and yield of benzene were assessed after carrying out MCP reforming in a fixed bed reactor.




2. Results and Discussion


2.1. Characterization of Catalysts


Figure 1 shows the XRD patterns for the Pt loaded catalysts and supports (HZSM-48 and pseudopoehmite). As shown in Figure 1a, the XRD pattern of HZSM-48 zeolite, prepared in this study, has two distinct peaks at 22 and 25 degrees, which were found to match well with the XRD patterns reported in the literature [23]. No clear peaks were detected in the XRD patterns of pseudobohemite (Figure 1e). Also, no characteristic peaks related on platinum species were observed in the Pt/(HZSM-48+pseudoboehmite) catalysts (Figure 1b–d), which was probably attributed to the small amount of platinum (0.5 wt%). As expected, with increasing the content of pseudoboehmite in the Pt/(HZSM-48 + pseudoboehmite) catalysts, the intensity of the characteristic peaks in the XRD patterns of HZSM-48 decreased.



As shown in the scanning electron microscope (SEM) image (Figure 2a), HZSM-48 sample exhibits ellipsoid morphology, and the particle diameter of HZSM-48 is in a range of 1–3 μm, which is in good agreement with the literatures reported [24]. The SEM image of pseudoboehmite (Figure 2b) shows an aggregate of the irregular shaped particles of several tens of micrometers in size. In the case of the Pt/(HZSM-48 + pseudoboehmite,1:1) sample (Figure 2c), the HZSM-48 particles can be found on the pseudoboehmite surface. In this sample, smaller particles of 3 μm or less are confirmed to have the same morphology as HZSM-48 particles.



Figure 3 shows the representative transmission electron microscope (TEM) images of Pt/HZSM-48 and Pt/(HZSM-48 + pseudoboehmite, 1:1). As shown in Figure 3, Pt nanoparticles were found both on the pseudoboehmite and on the HZSM-48 surfaces. The average sizes of Pt particles are in the range of 5–15 nm and in the range of 3–10 nm on Pt/HZSM-48 and Pt/(HZSM-48 + pseudoboehmite, 1:1) samples, respectively, suggesting that nanosized Pt particles are highly dispersed not only on HZSM-48 but also on pseudoboehmite.



The metallic properties of the reduced catalysts were determined by chemisorption of carbon monoxide. The average diameter of the Pt particle is 9.0 nm and 6.3 nm on Pt/HZSM-48 and Pt/(HZSM-48 + pseudoboehmite, 1:1), respectively. This result is consistent with the Pt particle diameter observed in TEM images (Figure 3).



N2 adsorption-desorption isotherms of the catalysts (Figure 4) show that those of the HZSM-48 and Pt/HZSM-48 catalysts correspond to type-I of the International Union of Pure and Applied Chemistry (IUPAC) classification, which indicates that the pores of both catalysts are composed of micropores [25]. Pseudoboehmite shows a type IV absorption–desorption isotherm of the IUPAC classification [25]. That is, the amount of adsorption increases rapidly and shows a hysteresis phenomenon when the P/P0 range is 0.4–0.9, and these are characteristics of mesoporous materials. Mesoporous structures, resulted from the mesoporores of pseudoboehmite, were found to be well-developed in the Pt/(HZSM-48 + pseudoboehmite) samples. The pore size distribution curves in Figure 5 indicates that the average mesopores sizes of the Pt/(HZSM-48 + pseudoboehmite) catalysts were in a range of 7.0–8.0 nm (Table 1), which were very similar with that of pseudoboehmite. These results clearly indicate that the pseudoboehmite resulted in the development of mesopores in the mixed support (HZSM-48 + pseudoboehmite). The N2 isotherms of Pt/(HZSM-48 + pseudoboehmite) samples (Figure 4) also show a sharp rise in the adsorbed amount near saturation, which is known to be associated with condensation in inter-particle voids [26]. The pore size distribution peaks (> 100 nm) in of Pt/(HZSM-48 + pseudoboehmite) samples (Figure 5) can be correlated with their inter-particle porosity. The reason why the total pore volume of Pt/(H-ZSM-48 + pseudoboehmite, 1:2) is unusually high can be attributed to inter-particle porosity due to decrease of compaction between HZSM-48 and pseudoboehmite.



Figure 6 shows the NH3-TPD profile for the present catalysts. The NH3-TPD profile of the Pt/HZSM-48 sample shows two peaks at 165 °C and 355 °C (Figure 6a), which correspond to weak acid sites and medium strength acid sites, respectively [24]. On the other hand, the NH3-TPD curve of pseudoboehmite showed a broad peak at 210 °C (Figure 6d), indicating that the acid sites with weak strength are mainly developed in the pseudoboehmite. Figure 6b,c show that the amount of acid sites between 150 and 325 °C increased in the Pt/(HZSM-48v+ pseudoboehmite), which were probably due to the presence of the pseudoboehmite. The most remarkable effect of pseudoboehmite is the shift of the NH3-TPD peak corresponding to the acid site with medium strength. The temperature corresponding to the medium strength acid site of the Pt/HZSM-48 sample was 355 °C, whereas mixing the pseudoboehmite to the support shifted the peak temperature to the range of 310–320 °C. This means that the acid strength was weakened by mixing the pseudobehmite and HZSM-48. Table 2 also indicates that the total amounts of acid sites of Pt/(HZSM-48 + pseudoboehmite) catalysts are slightly larger than that of Pt/HZSM-48. From the NH3-TPD, the mixed support, composed with pseudoboehmite and HZSM-48, slightly increases the total amount of acid sites and weakens the acid strength, compared with those of HZSM-48.



The results of pyridine-FTIR are shown in Figure 7 and Figure 8. The pyridine-FTIR spectra, obtained by adsorbing pyridine on the Pt/HZSM-48 catalyst and then raising the temperature in a vacuum, show that the three peaks at 1450, 1492 and 1545 cm−1 did not decrease notably even when the desorption temperature was raised to 300 °C (Figure 7). The peaks at 1450 and 1545 cm−1 correspond to Lewis acid sites and Brönsted acid sites, respectively [27,28]. The peak shown at 1492 cm−1 is known to be a peak at the Brönsted acid sites and Lewis acid sites, simultaneously. It was confirmed that both the Lewis acid sites and the Brönsted acid sites were present on the Pt/HZSM-48 catalyst.



The pyridine-FTIR spectra of three samples (Pt/(HZSM-48 + pseudoboehmite 1:1), pseudoboehmite, and Pt/HZSM-48) at 200 °C under vacuum are shown in Figure 8. In the Pt/(HZSM-48 + pseudoboehmite, 1:1) catalyst, Lewis acid sites (1450 cm−1) were more abundant than Brönsted acid sites (1540 cm−1), and such a characteristic is similar to the pseudoboehmite.




2.2. Ring Enlargement Reaction of Methylcyclopentane


Catalytic performances of Pt/HZSM-48, Pt/pseudoboehmite and Pt/(HZSM-48+ pseudoboehmite) samples in the methylcyclopentane ring enlargement reaction were investigated, and the product distribution and selectivity for the desired benzene at various temperatures were determined. In the case of Pt/pseudoboehmite catalyst, ring-enlargement of MCP is suppressed and the main reaction is ring opening at high temperature (Figure 9 and Table 3). MCP can be converted into a mixture of the corresponding paraffins with selectivity 73 % at 450 °C. The results of the effect of temperature on the conversion of methylcyclopentane over the Pt/HZSM-48 and Pt/(HZSM-48+pseudoboehmite) samples (Figure 9) show that the conversion over the Pt/HZSM-48 catalyst was higher than that over the Pt/(HZSM-48+pseudoboehmite) catalysts at relatively low temperatures (<350 °C). However, the methylcyclopentane conversion over the Pt/(HZSM-48+pseudoboehmite) catalysts was higher than that over the Pt/HZSM-48 catalyst at higher temperatures (>350 °C). The conversion for the two kinds of Pt/(HZSM-48+pseudoboehmite) catalysts, which reached close to 94%, was almost the same at a temperature range of 250–450 °C.



The selectivity to benzene as a function of temperature (Figure 9) increased with increasing temperature. It was noticeable that the selectivity to benzene over the Pt/(HZSM-48 + pseudoboehmite) catalysts was higher than that over the Pt/HZSM-48 catalyst. The detailed products distribution as a function of reaction temperature was exhibited in Table 3. The products in methylcyclopentane reforming can be classified into three groups: The C1–C5 fraction generated through the cracking reaction, the 2-methylpentane (2-MP) and 3-methylpentane (3-MP) synthesized through the ring opening reaction, and the benzene and cyclohexane produced through the ring enlargement reaction. It was shown that selectivity to the ring-enlargement reaction was dominant over selectivity to the ring-opening reaction over the three kinds of catalysts at a reaction temperature of 350 °C or higher.



The selectivity to cracking increases with increasing reaction temperature from 300 to 450 °C. The most notable effect of pseudoboehmite addition to the Pt/HZSM-48 catalyst was a decrease in selectivity to cracking and an increase in selectivity to benzene (Figure 10). The selectivity to the C1–C5 fraction over the Pt/HZSM-48, Pt/(HZSM-48 + pseudoboehmite, 1:1), and Pt/(HZSM-48 + pseudoboehmite, 1:2) catalysts at a reaction temperature of 450 °C was 25.5, 10.6, and 12.3%, respectively. Meanwhile, the selectivity to benzene over the Pt/(HZSM-48 + pseudoboehmite, 1:1) and Pt/(HZSM-48 + pseudoboehmite, 1:2) catalysts was 71.1 and 67.0%, respectively, which are much higher than the 50.1% over the Pt/HZSM-48 catalyst. The selectivity distinction over the three kinds of catalysts shows that the Pt/(HZSM-48 + pseudoboehmite) catalysts are better from the aspect of ring-enlargement selectivity of methylcyclopentane than the Pt/HZSM-48 catalyst.



From the ring-enlargement product yield determined by the conversion of reactants and the selectivity to benzene, the benzene yield over the Pt/HZSM-48 and Pt/(HZSM-48 + pseudoboehmite) catalysts can be compared more accurately. The benzene yield over Pt/(HZSM-48 + pseudoboehmite, 1:1) was 64.6% and that over Pt/HZSM-48 was 54.7% at 400 °C (Figure 9). The selectivity to benzene over Pt/HZSM-48 decreased at 450 °C, which led to the yield of benzene over Pt/HZSM-48 decreasing to 41.6%. However, the yield of benzene on Pt/(HZSM-48 + pseudoboehmite, 1:1) was still about 65.1% at 450 °C.



The pore diameters of the Pt/(HZSM-48+pseudoboehmite) catalysts are much larger than those of the Pt/(HZSM-48), which benefits diffusion of ring-enlargement products in the channel of the catalyst, thereby reducing the residence time and avoiding the cracking reaction. Combined with the characteristics of the catalyst, the catalytic performance of MCP reforming is determined by acidity of the catalyst and also influenced by the pore structure of the catalyst. After pseudoboehmite addition, the acidity of Pt/HZSM-48 was modified and the selectivity of cracking products decreased on the Pt/(HZSM-48 + pseudoboehmite) catalysts. The Pt/HZSM-48 presented the highest selectivity to cracking among the three catalysts, and this may be due to the highest acidity. The selectivity of cracking products decreased after pseudoboehmite addition, which is due to the weakening of acid strength that was confirmed by NH3-TPD. Consequently, pore structure and acidity affect the reforming performance at the same time.



The effect of weight hourly space velocity (WHSV) on MCP conversion, selectivity, and yield in MCP reforming over the Pt/(HZSM-48 + pseudoboehmite, 1:1) catalyst (Figure 11) shows that increasing the space velocity from 0.3 h−1 to 2.4 h−1 resulted in a large decrease of MCP conversion. Changes in space velocity were seen to have a notable effect on the selectivity to benzene, n-hexane, and the C1–C5 fraction. At higher space velocities, a lower benzene content in the product resulted. In addition, a higher n-hexane content in the reformate was also obtained. Moreover, cracking reaction was constrained at higher space velocities because it is slower than the other reforming reactions.



The effect of the H2/MCP mole ratio on ring enlargement reaction of methylcyclopentane was investigated under atmospheric pressure, 0.3 h−1, and 450 °C. Figure 12 shows that there was no significant effect on selectivity to benzene by decreasing the H2/MCP mole ratio from 10.0 to 4.0, which is in good agreement with the results of a previous study by Lin and Gao [29]. They reported that the ring enlargement selectivity in methylcyclopentane reforming reaction over Pt/HZSM-5 catalyst did not change significantly at a high temperature.



The catalysts used in this study showed good stability for methylcyclopentane ring enlargement reaction. As shown in Figure 13, the conversion of methylcyclopentane and the selectivity to benzene over the Pt/(HZSM-48 + pseudoboehmite, 1:1) catalyst did not decrease significantly during 9 h of T-O-S. To investigate the catalytic stability, the metallic Pt particle size of the spent catalyst was measured by CO chemisorption. The metallic Pt particle size of the spent Pt/(HZSM-48 + pseudoboehmite, 1:1) catalyst from the CO chemisorption increased to 6.5 nm compared to the metallic Pt particle size of 6.3 nm for the fresh catalyst, indicating that the sintering of Pt could be negligible during the MCP reforming reaction conditions. In addition, the phase transition from pseudoboehmite to aluminum oxide was not observed after catalytic test for 9 h. It has been reported that the phase transformation of pseudoboehmite occurs at a temperature higher than 470 °C [30].





3. Materials and Methods


3.1. Synthesis of Catalysts


HZSM-48 was prepared according to the methods reported in the literature [23]. A mixture of 0.5 g of Al2(SO4)3·18H2O (Sigma-Aldrich, Saint Louis, MO, USA), 135 g of distilled water, 1.4 g of NaOH (Sigma-Aldrich, Saint Louis, MO, USA), 4.5 g of hexamethonium bromide (Sigma-Aldrich, Saint Louis, MO, USA), and 9.0 g of fumed silica (Sigma-Aldrich, Saint Louis, MO, USA) was prepared. After mixing for 2 h to convert to a gel state, the mixture was placed in a 220 mL Teflon-lined SUS reactor (Hanul, Gunpo, Korea) and put through hydrothermal synthesis at 200 °C for 72 h. After filtration and washing, it was dried at 100 °C for 15 h and calcined at 550 °C for 4 h. Ion exchange was carried out at 85 °C for 15 h using 1 M NH4NO3 (Sigma-Aldrich, Saint Louis, MO, USA) aqueous solution, and this process was repeated three times to obtain NH4ZSM-48. Afterwards, the mixture was calcinated at 550 °C for 3 h to obtain HZSM-48. The ratio of SiO2/Al2O3 determined using X-ray fluorescence was 32.



Pseudoboehmite (Catapal-B) was purchased from SASOL (Sandton, South Africa). Hybrid supports were prepared by physically mixing HZSM-48 and pseudoboehmite. HZSM-48 to pseudoboehmite was mixed at mass ratios of 1:1 or 1:2 and used as a support. H2PtCl6 (8 wt% solution in water, Sigma-Aldrich, Saint Louis, MO, USA) was impregnated on the hybrid support consisting of HZSM-48 and pseudoboehmite by using the incipient wetness method. The amount of platinum loaded on the hybrid support was 0.5 wt%. The prepared material was dried in a convection oven at 100 °C for 12 h and calcined at 400 °C for 3 h. The amount of platinum loaded on the hybrid support was 0.5 wt%. The produced catalyst was named Pt/(HZSM-48 + pseudoboehmite).




3.2. Characterization of Catalysts


The specific surface area of the catalyst was measured using a BELSORP II (BEL Japan, Toyonaka, Japan). An amount of sample of 0.1 g was mounted on a cell, and the nitrogen adsorption isotherm was measured after a pretreatment process was conducted at 200 °C for 8 h. The specific surface area and pore size of the sample were calculated using the Brunauer-Emmet-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods, respectively. The crystal structure of the catalyst was confirmed by XRD analysis. XRD was measured at 40 kV and 300 mA using a Rigaku D/MAX-2500 (Rigaku, Tokyo, Japan). The scanning electron microscope (SEM) was utilized to study the surface morphology of the catalysts using the MIRA LMH model from Tescan (Kohoutovice, Czech Republic). TEM images were collected using a JEM-3010 (JEOL, Tokyo, Japan) operated at 300 kV. Carbon monoxide-chemisorption analysis was carried out using a pulsed injection of 10% carbon monoxide in helium with a BELCAT-M catalyst analyzer (BEL Japan, Toyonaka, Japan).



To analyze the amount of acid sites and the acid strength of the catalyst, NH3-TPD analysis was performed using a BEL-CAT-B (BEL Japan, Toyonaka, Japan). All samples were calcined at 400 °C for 3 h before NH3-TPD analysis. An amount of sample of 0.05 g was placed in a quartz holder and heated from room temperature to 300 °C at a speed of 5 °C/min under helium flow (50 mL/min) for pretreatment of the sample. The sample was pretreated at 300 °C for 1 h. Ammonia was adsorbed at 100 °C for 30 min under a flow of 50 mL/min using 5% NH3/N2 gas, and then helium was flown at a rate of 50 mL/min for 30 min to remove ammonia physisorbed on the sample. The helium was flown at a rate of 50 mL/min to the sample adsorbed with ammonia, and the temperature was increased to 550 °C at a temperature rising rate of 10 °C/min. The desorbed ammonia was measured using a thermal conductivity detector.



To analyze the acid sites of the catalyst, pyridine-FTIR analysis was conducted using a Spectrum GX device (PerkinElmer, Waltham, MA). An amount of sample of 0.013 g was placed in a mold, and then a 3-ton pressure was applied to the mold to form a disk. In-situ infrared (IR) cell was fabricated from stainless steel to measure the IR spectrum at high temperature and in vacuum. For the window, CaF2 with a diameter of 20 mm and a thickness of 4 mm was used, and cooling water was flowed around the window to prevent overheating. The sample holder and the body were each made to be heated, and a temperature controller was used to program the temperature. The IR cell equipped with the sample in disk form was heated up to 300 °C in a vacuum (10−3 torr) and maintained at 300 °C for 1 h. Pyridine vapor was adsorbed to the sample at room temperature for 30 min. The IR spectrum was obtained by raising the temperature of the IR cell from 100 °C to 300 °C under vacuum (10−3 torr).




3.3. Reforming of Methylcyclopentane


Reforming of MCP was performed in a continuous flow fixed bed reactor. The tubular reactor was made with SUS 316, and its internal diameter was 13 mm. The reactor was heated with a cylindrical electric furnace and the temperature of the catalyst layer was adjusted by installing a thermocouple directly above the catalyst layer. After 0.75 g of the catalyst was installed in the reactor, reduction was performed by flowing hydrogen at 400 °C for 4 h. The volumetric flow rate of hydrogen was controlled using the mass flow controller, and the flow rate of MCP was controlled using a syringe pump. The WHSV of the MCP and the mole ratio of H2/MCP were 0.3 h−1 and 10, respectively. The reaction products were analyzed with a gas chromatograph (GC-6000, Younglin Instrument, Anyang, Korea) with a flame ionization detector (FID) detector. The chromatograph was loaded with a CP-Sil5 capillary column (ID 0.32 mm, length 30 m with a film thickness 0.25 µm, Agilent, Santa Clara, CA, USA). All compounds identified in the GC-MS/FID analysis were included in the carbon balance. In the present work, the carbon balances were closed within 3.0 %.





4. Conclusions


Mesoporous structures, which resulted from mesopores of pseudoboehmite, were found to be well developed in the Pt/(HZSM-48 + pseudoboehmite) catalysts. The average size of mesopores of the Pt/(HZSM-48 + pseudoboehmite) catalysts was about 3.5 nm. Adding pseudoboehmite to the Pt/HZSM-48 catalyst increased the total amount of acid sites and weakened the strength of acid sites. Lewis acid sites were more abundant than Brönsted acid sites over the Pt/(HZSM-48 + pseudoboehmite) catalysts.



The methylcyclopentane conversion over the Pt/(HZSM-48+pseudoboehmite) catalysts was higher than that over the Pt/HZSM-48 catalyst during reforming of methylcyclopentane. It was found that selectivity to the ring-enlargement reaction was dominant over selectivity to the ring-opening reaction over the Pt/(HZSM-48 + pseudoboehmite) catalysts at a reaction temperature of 350 °C or higher. The benzene yield over the Pt/(HZSM-48 + pseudoboehmite, 1:1) catalyst reached 65.1% at 450 °C and 0.3 h−1. As well as being influenced by the mesoporous structure, the higher activity and selectivity in MCP reforming was also determined by appropriate acidity of the Pt/(HZSM-48 + pseudoboehmite) catalysts.
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Figure 1. X-ray diffraction (XRD) patterns of (a) HZSM-48, (b) Pt/(HZSM-48 + pseudoboehmite, 1:1), (c) Pt/(HZSM-48 + pseudoboehmite, 1:2), (d) spent catalyst of Pt/(HZSM-48 + pseudoboehmite, 1:1), (e) pseudoboehmite. 
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Figure 2. Scanning electron microscope (SEM) images of (a) HZSM-48, (b) pseudoboehmite, (c) Pt/(HZSM-48+pseudoboehmite, 1:1), (d) the portion corresponding to Pt/HZSM-48 from (c). 
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Figure 3. Transmission electron microscope (TEM) images of (a) Pt/HZSM-48, (b) Pt/(HZSM-48 + pseudoboehmite, 1:1), (c) the portion corresponding to Pt/HZSM-48 from Pt/(HZSM-48 + pseudoboehmite, 1:1), and (d) the portion corresponding to Pt/pseudoboehmite from Pt/(HZSM-48 + pseudoboehmite, 1:1). 
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Figure 4. N2 adsorption–desorption isotherms of (a) HZSM-48, (b) Pt/HZSM-48, (c) Pt/(HZSM-48 + pseudoboehmite, 1:1), (d) Pt/(HZSM-48 + pseudoboehmite, 1:2), (e) pseudoboehmite. 
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Figure 5. Pore size distribution of various catalysts. 
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Figure 6. NH3-TPD of various catalysts (a) Pt/HZSM-48, (b) Pt/(HZSM-48 + pseudoboehmite, 1:1), (c) Pt/(HZSM-48 + pseudoboehmite, 1:2), (d) pseudoboehmite (calcined at 400 °C). 
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Figure 7. Fourier Transform Infrared (FT-IR) spectra of pyridine adsorbed over Pt/HZSM-48 catalyst under 10−3 torr at (a) 100 °C, (b) 150 °C, (c) 200 °C, (d) 250 °C, and (e) 300 °C. 
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Figure 8. Pyridine-FTIR under 10−3 torr at 200 °C over (a) Pt/(HZSM-48 + pseudoboehmite,1:1) (b) pseudoboehmite, (c) Pt/HZSM-48. 
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Figure 9. Effect of reaction temperature on conversion of methylcyclopentane (MCP), selectivity to benzene and yield of benzene over various catalysts (reaction condition: H2/MCP (mol/mol) 10, pressure 1 atm, weight hourly space velocity (WHSV) 0.3 h−1, and time-on-stream (T-O-S) 3 h). 
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Figure 10. Product selectivity in methylcyclopentane reforming over various catalysts at a reaction temperature of 450 °C. (a) Pt/HZSM-48, (b) Pt/(HZSM-48 + pseudoboehmite, 1:1), (c) Pt/(HZSM-48 + pseudoboehmite, 1:2) (reaction condition: H2/MCP (mole/mole) 10, pressure 1 atm, WHSV 0.3 h−1, and T-O-S 3 h). 
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Figure 11. Effect of space velocity on conversion, selectivity and yield over Pt/(HZSM-48 + pseudoboehmite,1:1) catalyst (reaction condition: H2/MCP (mole/mole) 10, temperature 450 °C, pressure 1 atm, WHSV 0.3 h−1, and T-O-S 3 h). 
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Figure 12. Effect of H2/MCP mole ratio on conversion, selectivity and yield over Pt/(HZSM-48 + pseudoboehmite,1:1) catalyst (reaction condition: pressure 1 atm, temperature 450 °C, WHSV 0.3 h−1, and T-O-S 3 h). 
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Figure 13. Conversion of MCP, selectivity to benzene and yield of benzene over Pt/(HZSM-48 + pseudoboehmite, 1:1) catalyst. (reaction condition: H2/MCP (mol/mol) 10, temperature 450 °C, pressure 1 atm, and WHSV 0.3 h−1). 






Figure 13. Conversion of MCP, selectivity to benzene and yield of benzene over Pt/(HZSM-48 + pseudoboehmite, 1:1) catalyst. (reaction condition: H2/MCP (mol/mol) 10, temperature 450 °C, pressure 1 atm, and WHSV 0.3 h−1).



[image: Catalysts 09 00531 g013]







[image: Table]





Table 1. Surface area, pore volume and average pore diameter of various catalysts.
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	Catalysts
	SBETa

(m2/g)
	Vtb

(cm3/g)
	Vmicroc

(cm3/g)
	Vmesod

(cm3/g)
	Dpe

(nm)





	HZSM-48
	241
	0.18
	0.10
	0.07
	-



	Pt/HZSM-48
	218
	0.16
	0.09
	0.07
	-



	Pt/(HZSM-48 + Pseudoboehmite, 1:1)
	221
	0.86
	0.24
	0.62
	8.04



	Pt/(HZSM-48 + Pseudoboehmite, 1:2)
	243
	1.22
	0.34
	0.88
	7.04



	Pseudoboehmite
	328
	0.92
	0.38
	0.54
	8.04







a Surface area determined by Brunauer-Emmet-Teller (BET) method; b Pore volume measured at p/p0 = 0.99; c Micropore volume calculated by the t-method; d Difference between the total pore volume and the micropore volume; e Average diameter of mesopore determined by Barrett-Joyner-Halenda (BJH) method.


media/file8.jpg
dv,/dD,

0.20

0.15

0.05

0.00 +

—e—— HzsM4s

o PUHZSM48
——-y-——  Pseudoboehmite

——A = PU(HZSM-48+pseudoboehmito, 1:1)
— -® —  PU(HZSM-48+pseudoboehmito, 1:2)

& 10 100





media/file13.png
Adsorbance(a. u.)
=

1700 1650 1600 1550 1500 1450 1400

Wavenumber (cm™)





media/file12.jpg
Adsorbance(a. u.)
=

1700

1650

1600 1550 1500

Wavenumber (cm™)

1450

1400





media/file18.jpg
100

80

60

y (%)

40

20

= cyclohexane

(@

(b)
Catalyst

(c)






media/file9.png
0.20
—.—
........ O
e
0151 — =*—
09.
2 0.10 A
>
©
0.05 -

HZSM-48

Pt/HZSM-48

Pseudoboehmite
Pt/(HZSM-48+pseudoboehmite, 1:1)
Pt/(HZSM-48+pseudoboehmite, 1:2)






media/file14.jpg
(a)

(b)

Adsorbance(a. u.)

©

1700

1650

1600 1550 1500

Wavenumber (cm")

1450

1400





media/file20.jpg
100

Conversion of MCP(%)
8 B8 & 8






media/file23.png
Conversion, selectivity and yield (%)

100

40 |

20 -

& 0

—=— Conversion of MCP
—o— Selectivity to benzene
—o— Yield of benzene

H,/MCP

10






media/file5.png





media/file15.png
Adsorbance(a. u.)

(c)

1700

1650

1600 1550 1500

Wavenumber (cm™")

1450

1400





media/file19.png
Selectivity (%)

100

80 -

[=2]
o
1

N
o
I

20 A

mmm C,-C