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Abstract

:

Al2O3 supports were synthesized by the hydrothermal method and PtSn/Al2O3 catalysts were prepared by incipient-wetness impregnation method. The influence of the ratio of urea to Al(NO3)3·9H2O on the structure and catalytic performance for propane dehydrogenation was investigated. The catalysts were characterized by XRD, N2 adsorption–desorption, SEM, H2-TPR, NH3-TPD and Raman. The results show that the ratios of urea to Al(NO3)3·9H2O influence the morphology and phy-chemical properties of Al2O3 support, which influence the dispersion of PtSn active sites and the interaction of Pt and Sn on PtSn/Al2O3 catalysts. The PtSn/Al2O3-9 catalyst possesses the highest interaction of Pt and Sn, which result in high dispersion of active sites. The PtSn/Al2O3-9 catalyst shows high propane conversion and low deactivation rate among these catalysts.
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1. Introduction


Propene as an important platform chemical is widely used in organic and polymer synthesis. With the rising demand for propene, propane dehydrogenation (PDH) has been investigated widely due to the massive exploration of shale gas. Pt- and Cr-based catalysts are mostly widely used as commercial catalytic systems for the PDH process [1,2]. As an environmentally friendly material, the former attracted much attention because of its excellent activity. However, the deactivation of Pt-based catalysts caused by Pt sintering and coke deposition remains challenging [3,4]. It is significant to develop Pt-based catalysts with high propane conversion and catalytic stability.



Great efforts have been devoted to promoting the catalytic performance of Pt-based catalysts, including the addition of metal promoters and the modification of supports. Sn as an efficient promoter can enhance the dissociative adsorption of propane and weaken the adsorption of propene [5,6,7,8,9]. Moreover, promoters such as In, Ga, Zn, Cu, Mn and Ir are also effective in enhancing catalytic performance by the geometric effect or/and electronic effect [10,11,12,13,14,15,16,17]. In heterogeneous catalysis, support plays an important role in modulating the geometric and electronic structure of the active sites to optimize the catalytic performance. In the case of PDH, supports such as Al2O3 [18,19], SiO2 [20,21], zeolites [22,23,24,25], spinel (ZnAl2O4, MgAl2O4) [26,27,28] and carbon [29,30] are the mostly alternatives. However, the weak interaction between Pt species and SiO2 reduces the stability of these catalysts by easy sintering of Pt [31]. The strong acidity of zeolites induces coke deposition, which results in catalyst deactivation. High surface area Al2O3 as a classical support employed in PDH catalysts shows an exceptional ability to maintain the Pt dispersion, which is crucial to attaining excellent catalyst performance [32]. Morphological control of Al2O3 support has been proven to affect the physical and chemical properties [33], which may influence the dispersion of metal active sites so as to affect the catalytic performance [34]. The morphology can be controlled by manipulating the pH in the synthesis of Al2O3 [35]. Urea is usually used in the preparation of Al2O3 because of the slow formation of OH− by the hydrolysis reaction. Additionally, the pH can be changed in some extent by changing the amount of urea. In the present work, a series of Al2O3 supports were prepared by changing the ratios of urea to aluminum nitrate using the hydrothermal method, and then the PtSn catalysts were synthesized by the incipient wetness impregnation method. The influence of structure and phy-chemical properties of the Al2O3 support on the catalytic performance in PDH were investigated. The dispersion and nature of the PtSn active sites are affected by the Al2O3 support, which influences the catalytic performance for PDH reaction.




2. Results


In order to investigate the morphology of the Al2O3 support, SEM characterization was carried out and the images are shown in Figure 1. It can be seen that the PtSn/Al2O3-2 exhibits irregular morphology with some sheet-like structures. The size of sheet-like structure increases with the increase in urea to Al(NO3)3·9H2O ratios from two to six. Moreover, the morphology of the catalyst changed from a sheet-like to a rod-like structure with the increase in urea to Al(NO3)3·9H2O ratios. Additionally, it changed to rod completely with a larger size for the PtSn/Al2O3-12 catalyst. According to the observation of SEM images, the changing of urea to Al(NO3)3·9H2O ratios influences the nucleation and growth process of the Al2O3 support because the different concentration of urea results in different hydrolytic rates of urea. The precipitation rate of metal ions is much higher than the hydrolysis rate of urea. Therefore, the different morphologies are formed because of the differences in nucleation rate and growth rate, which is caused by the different hydrolytic rate of urea. It had been reported that the dispersion of the metallic sites can be controlled by controlling the morphology of the support [36]. In order to investigate the influence of support morphology on the dispersion of metal active sites, the dispersion degree of Pt is carried out by CO chemisorption and the results are shown in Table 1. It can be seen that the lowest and highest dispersions are obtained on PtSn/Al2O3-2 and PtSn/Al2O3-9, which corresponding to distinctly different morphology structures of Al2O3 support. Additionally, the dispersion of Pt shows little difference on the catalysts with a similar structure (PtSn/Al2O3-4, PtSn/Al2O3-6 and PtSn/Al2O3-9). It indicates that the dispersion of metal active sites are influenced by the morphology of Al2O3 support.



The textural properties of the catalysts were investigated by nitrogen adsorption–desorption, and the corresponding isotherms and pore size distributions are shown in Figure 2. All the samples exhibit a typical type IV adsorption isotherm with H3 hysteresis, demonstrating the existence of disordered mesopores. By comparing these samples, the different relative pressures which are characteristic of capillary condensation of nitrogen can be. This may be caused by the different catalyst morphologies as shown in Figure 1. The intergranular mesopores, caused by the polycrystalline Al2O3 particle packing, show different size distributions because of the different Al2O3 morphologies, as shown in Figure 2B. Although the PtSn/Al2O3-2 catalyst shows the smallest particle size, as shown in Figure 1, the size of the intergranular mesopores is the largest as shown in Figure 2B, indicating a close packing of the small particles than the other samples. It can also be demonstrated by it having the lowest BET surface area and total pore volume of 127.5 m2/g and 0.38 cm3/g in Table 1. The BET surface area and total pore volume increased to 180.2 m2/g and 0.47 cm3/g with the urea to Al(NO3)3·9H2O ratio from two to four, and decreased to 162.3 m2/g and 0.43 cm3/g on the PtSn/Al2O3-6 catalyst. For the PtSn/Al2O3-9 catalyst, the BET surface area of 171.1 m2/g is not the highest, but the total pore volume is much higher than the other catalysts, which may be in favor of the dispersion of the metallic active sites.



Figure 3 shows the XRD patterns of Al2O3-9 support and PtSn/Al2O3 catalysts. As represented in Figure 3, all the samples exhibited diffraction peaks at 37.6°, 45.8°, 67.0° and 85.0°, which can be assigned to γ-Al2O3. Moreover, there is no new diffraction peak compared with Al2O3-9 support, which may be due to the high dispersion or the low loading amounts of metals.



The H2-TPR characterization was carried out to investigate the state of metals and the interaction between metals and support. The TPR profiles of the different catalysts are shown in Figure 4. As shown in Figure 4, the peak at about 470 °C is ascribed to the reduction of PtOxCly on the 0.5Pt/Al2O3-9 sample. Additionally, the peak at the temperature below 400 °C on PtSn/Al2O3 catalysts is ascribed to the reduction in Pt-O-Sn clusters or combined reduction of SnOx and PtOx species in close contact, indicating the interaction of Pt and Sn species. [15] The peak at about 440 °C and 580 °C can be attributed to the reduction of Sn4+ to Sn2+ and Sn2+ to Sn0, respectively. [37,38] Moreover, the peak at about a 330 °C shift to high temperature with the increase in urea to Al(NO3)3·9H2O ratios, indicating the changing of Pt and Sn interaction. Moreover, the peak intensity increased compared with that of PtSn/Al2O3-2, indicating more Sn species interact with Pt species. It has been reported that the addition of Sn can modify the nature of Pt in electronic and geometric properties. The geometric effect of Sn can improve the dispersion of Pt by isolating the aggregated Pt clusters [39]. Therefore, the dispersion of Pt in the PtSn/Al2O3-2 catalyst is the worst due to the lower number of Sn species interactions with Pt. For other catalysts except PtSn/Al2O3-2, there are only two peaks with the peak ascribed to the reduction of Sn2+ species disappearing. It indicates that the reduction of Sn2+ is difficult, which may be caused by the strong interaction with Pt or/and the support.



In order to determine the effects of urea to Al(NO3)3·9H2O ratios on the acidity of different catalysts, NH3-TPD patterns were carried out and the results are shown in Figure 5. As detected, two main NH3 desorption peaks can be observed in all samples, which can be assigned to weak (peak 1) and strong (peak 2) acid sites [40]. It can be seen that the temperature of the peak 1 decrease from that of PtSn/Al2O3-2 to PtSn/Al2O3-6 and then increase from that of PtSn/Al2O3-9 to PtSn/Al2O3-12, while the temperature of peak 2 shows the opposite trend. It indicates the difference of the acid strength. Additionally, the ratio of strong/weak acid content is apparently different on the different catalysts according to the intensity ratio of peak 2 to peak 1. The PtSn/Al2O3-9 catalyst shows the highest ratio of strong/weak acid content. These differences in both acid strength and acid content may be caused by the diversity during polycrystal growth (hydrothermal process) and dehydration (calcination process).



The catalyst performance for PtSn/Al2O3 catalysts was tested for PDH and the results are shown in Figure 6. It can be seen the catalytic performances were influenced by the urea to Al(NO3)3·9H2O ratios. The highest initial propane conversion was obtained on PtSn/Al2O3-9 catalyst with 56.6%. Additionally, after 6 h reaction, it also shows the highest propane conversion of 34.7%. As shown in Table 2, all the catalysts show high initial propane conversion (>45%). The initial propane conversion on PtSn/Al2O3-2 catalyst is 52.9%. Additionally, with the increase in urea to Al(NO3)3·9H2O ratios, the initial propane conversion increased with 55.5% on PtSn/Al2O3-4 catalyst and 56.6% on PtSn/Al2O3-9 catalyst. With further increase in urea to Al(NO3)3·9H2O ratios, the initial propane conversion decreased to 45.9% on the PtSn/Al2O3-12 catalyst. It can be seen from Figure 6A that, despite the high initial propane conversions being obtained on all catalysts with a small gap (55.6% and 45.9% for the highest and lowest conversion), the final conversion (after 6 h reaction) shows a big gap (34.7% and 16.9%). Table 3 lists a comparison of the activity of the PtSn/Al2O3 catalysts. The catalytic performance of the PtSn/Al2O3-9 catalyst process high initial propane conversion and propene selectivity can be seen, although the reaction conditions are different. Compared with high initial propane conversions, high stabilities are more favorable for non-oxidative PDH and high selectivity are essential for high stability. Figure 6B shows the propene selectivity on the different catalysts. The high propene selectivities are obtained on all the catalysts. The selectivities are beyond 96% on all catalysts.



In order to investigate the intrinsic activity of PtSn/Al2O3 catalysts, turnover frequency (TOF) was calculated and shown in Figure 6C. The TOF value of PtSn/Al2O3-2 is 1.6 s−1 at the beginning of the reaction can be seen, indicating a high intrinsic activity among these catalysts. After 6 h reaction, the TOF value decreased to 0.75 s−1, indicating a fast decrease in the catalytic activity. Moreover, the TOF value of PtSn/Al2O3-9 is 0.56 s−1 at the beginning of the reaction, and it decreased to 0.34 s−1. Moreover, the selectivity is the lowest among these catalysts. It indicates that the side reaction including cracking and coke formation occur easily. It may be caused by the large amount of strong acid centers, as shown in Figure 5. Although the TOF of PtSn/Al2O3-9 is lowest, the deactivation of this catalyst is lowest. In order to compare the stability of these catalysts, the deactivation rate constants were calculated and are shown in Figure 6C. The catalyst with low initial propane conversion shows fast deactivation with the kd of 0.24 h−1 on the PtSn/Al2O3-12 catalyst. Additionally, the PtSn/Al2O3-9 catalyst shows the lowest deactivation with the kd of 0.15 h−1, indicating the highest stability among these catalysts. Moreover, the PtSn/Al2O3-9 catalyst shows the lowest deactivation rate, as shown in Table 2. From the results of the PDH catalytic performances on different catalysts, the PtSn/Al2O3-9 catalyst shows the highest initial propane conversion and stability value. Therefore, this catalyst was chosen for the cycle experiment with regeneration and retesting, and the results are shown in Figure 6D. After the first test and regeneration, the catalyst maintains high catalytic performance, which is almost as good as the first test. It indicates the PtSn active sites maybe re-dispersed and the coke is eliminated. After the second test and regeneration, the propane conversion decreased for both the initial and final conversion, indicating the loss of activity caused mainly by the the loss or changing of PtSn active sites. After the third regeneration, the catalyst shows a large decrease in the catalytic performance. It indicates a deactivation of the catalyst after the forth PDH test.




3. Coke Analysis


In order to investigate the coke formation process on different catalysts, in situ Raman were carried out for PtSn/Al2O3-2, PtSn/Al2O3-9 and PtSn/Al2O3-12 catalysts. As shown in Figure 7A, there is no apparent Raman band ascribed to coke at the beginning of the PDH reaction on the PtSn/Al2O3-2 catalyst. After about 45 min of reaction, two Raman bands at 1330 and 1600 cm−1 were detected and the intensity of these two bands increased with the increase in reaction time. The band centered at 1600 cm−1 is ascribed to G band, which is the stretching vibration of the sp2 bond in C=C chains or in aromatic rings. The band at 1330 cm−1 is ascribed to D band, which is the breathing mode of sp2 bond only in rings, not in chains [51]. According to the in situ Raman characterization, not only the coke amount but also the nature of coke can be obtained. For PtSn/Al2O3-2, the coke formed after about 45 min of reaction, and the amount of coke is increasing with the increasing reaction time. It can be seen from Figure 7B that the coke formation process is faster on the PtSn/Al2O3-9 catalyst than that of the PtSn/Al2O3-2. Two bands ascribed to coke were detected only after 15 min of reaction, indicating a faster coke formation in the initial reaction period. For the PtSn/Al2O3-12 catalyst, the in situ Raman result is shown in Figure 7C. The similar coke formation rate is observed compared with the PtSn/Al2O3-9 catalyst, which is demonstrated by the appearance of the bands at 1330 and 1600 cm−1 only after 15 min of reaction. Moreover, the intensity of these two bands increased with increasing reaction time, indicating the increase in coke amounts. According to in situ Raman results, it can be seen that the catalysts with different urea to Al(NO3)3·9H2O ratios show different coke formation process. Catalysts with high urea to Al(NO3)3·9H2O ratios (9 and 12) show faster coke formation rates than that of PtSn/Al2O3-2 catalyst. Although the PtSn/Al2O3-9 catalyst shows the lowest deactivation rate among these catalysts as shown in Figure 6, the coke formation rate in the initial reaction period is not the lowest. It indicates coke formation is not the main reason for catalyst deactivation, which is also demonstrated by the decreased initial conversion after three regeneration cycles (Figure 6D).



Assessment of the normal Raman spectra of the different catalysts after 6 h reaction was also carried out and the results are shown in Figure 8. As the ratio of the D band to the G band (ID/IG) can demonstrate the nature of coke on the catalyst surface, ID/IG were calculated by the intensity of the D band to the G band, and the results are shown in Table 1. As calculated from the spent catalysts, the ID/IG is 0.97, 0.84 and 0.92 for PtSn/Al2O3-2, PtSn/Al2O3-9 and PtSn/Al2O3-12, respectively. The smaller the value of ID/IG, the more graphitic degree with a lower H/C ratio of the coke [52]. The PtSn/Al2O3-9 catalyst shows the smallest value of ID/IG, indicating that a deeply dehydrogenation process happened. It may be caused by the highest ratio of strong/weak acid content. The large amount of strong acid may favor the polymerization and aromatization of propene, which will result in deep dehydrogenation and become more graphitic [53]. Additionally, it results in the fast coke deposition rate in the initial reaction period.



In order to investigate the amount of coke on the spent catalysts, the TG curves are shown in Figure 9. The loss weight process can be divided into two stages as shown in Figure 9. The first stage (from 100 to 350 °C) can be ascribed to the combustion of the coke deposited on active metal sites, while the second stage (from 350 to 600 °C) can be ascribed to the combustion of the deposited coke located on the surface of the support. It can be seen that PtSn/Al2O3-2 and PtSn/Al2O3-12 catalysts show a weight loss of 3.8% on the first stage, which indicated that a large amount coke deposited on the active metal, and these two catalysts show low activity and stability, as shown in Figure 6. Although PtSn/Al2O3-6 and PtSn/Al2O3-9 catalysts show a large total amount of coke, the coke located on the active metal is only a small part compared with the coke deposited on the support. As is shown in in situ Raman spectra, the intensity of the coke band increased with increasing reaction time on PtSn/Al2O3-2 and PtSn/Al2O3-12 catalysts, while the intensity shows little change on the PtSn/Al2O3-9 catalyst. It may be caused by the promoted coke migration from the active metal sites to the support on PtSn/Al2O3-9 compared with PtSn/Al2O3-2 and PtSn/Al2O3-12. According to the characterization on the coke formation for different catalysts, it can be found that the support plays an important role in the dehydrogenation reaction process, perhaps by affecting the PtSn active sites.




4. Materials and Methods


4.1. Catalyst Preparation


Al2O3 support was prepared by the hydrothermal method; typical synthesis procedures are as follows: the ratios of urea (CO(NH2)2) to aluminum nitrate (Al(NO3)3·9H2O) were 2, 4, 6, 9 and 12. Taking the ratio of 9 as an example, 3.0 g of Al(NO3)3·9H2O was dissolved in 50 mL deionized water. Additionally, then 4.3 g of urea was added to the solution and stirred for 25 min. Then, it was placed in a 100mL Teflon-lined stainless autoclave and maintained at 100 °C for 48 h. Then, the white precipitate was filtered and washed with deionized water and dried at 80 °C for 12 h. Finally, the Al2O3 support was obtained by calcination in air at 600 °C for 6 h. The Al2O3 support were denoted as Al2O3-S, where S represents the ratio of urea to Al(NO3)3·9H2O.



PtSn/Al2O3 catalysts were prepared by the incipient wetness impregnation method using H2PtCl6·6H2O and SnCl2·2H2O as the precursors, in which the theoretical amounts of Pt and Sn were 1 wt.% and 2 wt.%, respectively. Typical procedures are as follows: a certain amount of SnCl2·2H2O were dissolved in a certain amount of H2PtCl6·6H2O ethanol solution. Subsequently, the solution was incipiently impregnated into 1.0 g of the Al2O3 support followed by sonication for 30 min. Then, PtSn/Al2O3-S catalysts were obtained by calcination at 500 °C for 4 h. Pt/Al2O3 and Sn/Al2O3 catalysts were also prepared with the loadings of Pt and Sn of 0.5 wt.% and 1 wt.%, respectively.




4.2. Catalyst Characterization


X-ray powder diffraction (XRD) measurements were obtained by a powder X-ray diffractometer (RIGAKU Ultima IV) using Cu Ka radiation with a Nickel filter operating at 40 kV and 40 mA in the 2θ range of 10–90° at a scanning rate of 3°/min. N2 adsorption–desorption isotherms were recorded using a Micomeritics 3020 analyzer. Before testing, the catalysts were degased at 300 °C for 6 h. The redox ability of the catalysts was carried out by the temperature programmed reduction of H2 (H2-TPR) (Micromeritics AutoChem 2920). Approximately 100 mg (20–40 mesh) catalyst was loaded in a “U” shaped quartz located inside a furnace and heated to 300 °C under Ar flow (30 mL/min) for 60 min to eliminate adsorbed inclusion. After the degassing and cooling down to an ambient temperature, the gas flow was changed to 10 vol.% H2/Ar flow (30 mL/min). The catalysts were heated from the room temperature to 900 °C at a rate of 10 °C/min and recording the signal of TCD on-line. Raman spectra were performed on a HORIBA LabRAM HR Evolution Raman spectrometer with a 532 nm laser. The amount of coke deposited was determined by a thermogravimetric (TG) analyzer STA 449 F5 (NETZSCH). The sample was exposed to 20% O2/N2 flowing at 60 mL/min and oxidized from an ambient temperature to 800 °C at a rate of 10 °C/min. The acid character of the catalysts was studied by the temperature programmed desorption (NH3-TPD) on the dynamic adsorption instrument (xianquan Company TP-5076). An amount of 100 mg of the sample was placed in a quartz tube and pretreated at 500 °C for 1 h under the N2 flow (30 mL/min) and then cooled down to 40 °C. After the samples were saturated with NH3, the N2 gas was flowed over the catalyst (30 mL/min) for 30 min to remove the physisorbed NH3. Finally, the TPD operation was carried out from 100 to 900 °C at a heating rate of 10 °C/min. The amount of NH3 desorbed was monitored by a TCD. Scanning electron microscopy (SEM) analyses were carried out using a ZEISS geminisem 300. The powder samples were sprinkled sparsely over carbon tape mounted on an aluminum stub before sputter coating with gold for ca. 5 min prior to the SEM analysis. Pt dispersions were measured on a Micromeritics AutoChem II 2920 automated characterization system. A total of 100 mg of the sample was loaded in a U-shaped quartz tube and heated to 400 °C for 30 min in the flow of 10% H2/Ar, then switched to pure Ar and cooled to 40 °C. Then, CO was introduced by switching the six-way valve for pulse adsorption. The amount of CO was measured using a TCD.




4.3. Catalytic Activity Measurements


PDH reaction was performed in a conventional quartz tubular micro-reactor. The catalyst of 200 mg was placed in the quartz reactor with an inner diameter of 6 mm. Additionally, the height of catalyst bed is about 14 mm. The catalyst was reduced by 10% H2/Ar at 500 °C for 4 h before the reaction. Subsequently, the gas mixture of C3H8 and N2 (C3H8:N2 = 1:2) was fed to the reactor with the propane weight hourly space velocity (WHSV) of 2.35 h−1 and the reaction temperature of 590 °C. The reaction products were analyzed by using on-line Agilent-7890B gas chromatography equipped with a flame ionization detector (FID). A HP-Al2O3 capillary column was used for the separation of CH4, C2H4, C2H6, C3H6, and C3H8.



The conversion of propane and the selectivity for propene were defined as follows:


   X   C 3   H 8    =   C  H 4  + 2  C 2   H 4  + 2  C 2   H 6  + 3  C 3   H 6    C  H 4  + 2  C 2   H 4  + 2  C 2   H 6  + 3  C 3   H 6  + 3  C 3   H 8    × 100 %  



(1)






   S   C 3   H 6    =   3  C 3   H 6    C  H 4  + 2  C 2   H 4  + 2  C 2   H 6  + 3  C 3   H 6    × 100 %  



(2)






    TOF    C 3   H 8    =    F   C 3   H 8    ×  X   C 3   H 8    ×  M  Pt     60 × 22,400 ×  m  c a t   ×  w  P t   ×  D  Pt      



(3)




where FC3H8 represents the flow rate of propane; DPt represents the dispersion of Pt.



A first-order deactivation model was used to evaluate the catalyst stability:


   k d  =   ln   1 −  X  final      X  final     − ln   1 −  X  initial      X  initial      t   



(4)




where Xinitial and Xfinal represent the conversion of propane measured at the initial and final period of an experiment, respectively. Additionally, t represents the reaction time (h). kd is the deactivation rate constant (h−1).





5. Conclusions


In conclusion, the supports prepared with different urea to Al(NO3)3·9H2O ratios show different morphologies and phy-chemical properties, which influence the dispersion and nature of the PtSn active sites. Additionally, it can deeply modify the surface chemistry and the catalytic performance of the PtSn/Al2O3 catalysts. The dehydrogenation reaction and side reaction were promoted simultaneously on the PtSn/Al2O3-9 catalyst. Although it shows the lowest propene selectivity and highest coke deposition, the highest propane conversion and lowest deactivation rate were obtained on the PtSn/Al2O3-9 catalyst. It may be ascribed to the enhanced Pt and Sn interaction, which results in a high dispersion degree of active sites and the promoted coke migration effect.
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Figure 1. SEM images of PtSn/Al2O3 catalysts. 
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Figure 2. Nitrogen adsorption–desorption isotherms (A) and pore distribution (B) of PtSn/Al2O3 catalysts. 
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Figure 3. XRD patterns of Al2O3-9 and PtSn/Al2O3 catalysts. 






Figure 3. XRD patterns of Al2O3-9 and PtSn/Al2O3 catalysts.



[image: Catalysts 12 00157 g003]







[image: Catalysts 12 00157 g004 550] 





Figure 4. H2-TPR curves of Al2O3-9, 0.5Pt/Al2O3-9, 1Sn/Al2O3-9 and PtSn/Al2O3 catalysts. 
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Figure 5. NH3-TPD profiles of PtSn/Al2O3 catalysts. 
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Figure 6. Catalytic performance of PtSn/Al2O3 catalysts for PDH. (A) Propane conversion and (B) propene selectivity as a function of time during PDH; (C) TOF and deactivation rate constant (kd) of PtSn/Al2O3 catalysts; (D) Catalytic performance on PtSn/Al2O3-9 catalyst for four successive PDH cycles. 
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Figure 7. In situ Raman spectra of PtSn/Al2O3 catalysts: (A) PtSn/Al2O3-2, (B) PtSn/Al2O3-9 and (C) PtSn/Al2O3-12. 
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Figure 8. Raman spectra of PtSn/Al2O3 catalysts after 6 h of reaction. 
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Figure 9. TG curves of PtSn/Al2O3 catalysts after reaction for 6 h. 
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Table 1. Textural properties and Pt dispersions of PtSn/Al2O3 catalysts, ID/IG by Raman characterization of the spent catalysts.
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	Samples
	SBET a

(m2/g)
	Vt b

(cm3/g)
	Pt Dispersion (%)
	ID/IG





	PtSn/Al2O3-2
	127.5
	0.38
	9.6
	0.97



	PtSn/Al2O3-4
	180.2
	0.47
	27.6
	1.01



	PtSn/Al2O3-6
	162.3
	0.43
	27.8
	0.85



	PtSn/Al2O3-9
	171.1
	0.60
	29.3
	0.84



	PtSn/Al2O3-12
	183.1
	0.48
	22.4
	0.92







a Calculated by the BET method. b Calculated by the BJH desorption cumulative volume of pores between 1.7 nm and 300 nm diameter.
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Table 2. Catalytic performances of PDH over PtSn/Al2O3 catalysts.
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Catalysts

	
Propane Conversion/%

	
Propene Selectivity/%

	
Deactivation Rate/%




	
Initial

	
Final a

	
Initial

	
Final a






	
PtSn/Al2O3-2

	
52.9

	
24.8

	
98.0

	
98.2

	
53.1




	
PtSn/Al2O3-4

	
55.5

	
31.8

	
97.3

	
96.9

	
42.6




	
PtSn/Al2O3-6

	
55.8

	
32.6

	
96.2

	
97.5

	
41.6




	
PtSn/Al2O3-9

	
56.6

	
34.7

	
96.2

	
96.8

	
38.7




	
PtSn/Al2O3-12

	
45.9

	
16.9

	
98.5

	
97.6

	
63.2








a PDH reaction after 6 h. b     Deactivation   rate  / % =    X  initial   −  X  final      X  initial      , where the initial time and final time were the reactions of 15 min and 360 min, respectively.
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Table 3. Catalytic data of PtSn/Al2O3 catalysts used in PDH reaction.
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	Catalysts
	Reaction Temperature (oC)
	WHSV (h−1)
	Feed Composition
	Initial Conversion of C3H8 (%)
	Initial Selectivity of C3H6 (%)
	Ref.





	Pt-Sn/γ-Al2O3
	600
	3.2
	Pure C3H8
	35.6
	88.5
	[41]



	Pt-Sn/Al2O3-mel
	600
	10.2
	H2:Ar:C3H8 = 14.8:59.2:26
	~35
	99.1
	[42]



	PtSn/A600
	590
	5.2
	C3H8:H2:He = 1:1.25:4
	42.5
	96.9
	[43]



	Pt-Sn/Al2O3
	590
	2.7
	C3H8:H2:He = 1:1:19
	~65
	~90
	[44]



	Pt-Sn/Al2O3-SR550
	600
	35.4
	H2:C3H8:N2 = 3:3:7
	~40
	~93
	[45]



	Pt–Sn/Al2O3
	620
	1.8
	C3H8:H2 = 1:1
	~42
	~87
	[46]



	Pt-Sn/Al2O3
	600
	18.5
	C3H8:H2 = 3:2
	23.3
	93.3
	[47]



	Pt-Sn/Al2O3
	620
	2
	H2:C3H8 = 0.8:1
	~48
	~86
	[48]



	Pt-Sn/Al2O3
	540
	3.5
	C3H8:H2:N2 = 3:1:21
	42.8
	98.6
	[19]



	PtSnNa/γ-Al2O3
	590
	155 (GHSV)
	C3H8:H2 = 3:1
	~19
	~58
	[49]



	Pt-Sn2/meso-Al2O3
	570
	2.9
	H2:C3H8:N2 = 1:1:8
	40
	98
	[50]



	PtSn/Al2O3-9
	590
	2.35
	C3H8:N2 = 1:2
	56.6
	96.2
	This work
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