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Abstract

:

The effects of reaction conditions on the yield of ethylene and propylene from pentene cracking were investigated in a fixed-bed reactor at 500–750 °C and for a weight hourly space velocity (WHSV) of 15–83 h−1. The total yield of ethylene and propylene reached a maximum (67.8 wt%) at 700 °C and 57 h−1. In order to explore the reaction mechanism at high temperatures, a thermal/catalytic cracking proportion model was established. It was found that the proportion of pentene feed chemically adsorbed with the acid sites and cracked through catalytic cracking was above 88.4%, even at 750 °C. Ethylene and propylene in the products were mainly derived from catalytic cracking rather than thermal cracking at 650–750 °C. In addition, the suitable reaction network for pentene catalytic cracking was deduced and estimated. The results showed that the monomolecular cracking proportion increased from 1% at 500 °C to 95% at 750 °C. The high selectivity of ethylene and propylene at high temperatures was mainly due to the intensification of the monomolecular cracking reaction. After 20 times of regeneration, the acidity and pore structure of the zeolite had hardly changed, and the conversion of pentene remained above 80% at 650 °C.
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1. Introduction


Light olefins such as ethylene and propylene are key building blocks of the chemical industry, and demand for them has been increasing year by year [1]. The forecast demand of propylene is expected to average 4.3% per year in the next decade according to IHS Markit [2]. At present, light olefins are mainly produced by steam cracking of naphtha. The traditional technologies of producing light olefins cannot meet the market demand [3]. On the other hand, with the popularity of new energy vehicles, gasoline consumption is expected to decrease in the future [4,5]. China’s gasoline demand is expected to reach its maximum in 2022 [6]. Therefore, the study on converting gasoline to light olefins has attracted more and more attention from researchers. Since the olefins in fluid catalytic cracking (FCC) gasoline are up to 30–65 vol% [7], olefin cracking of FCC gasoline can relieve the pressure of gasoline surplus and also make up for the shortage of light olefins [8]. Recently, our team proposed an FCC process for targeted cracking of light olefins [9]. The key to this process is to maximize the cracking of olefin in FCC gasoline to ethylene and propylene. As the main olefin component in FCC gasoline, pentene is often selected as a model compound to study the FCC gasoline cracking reaction.



For the mechanism of pentene cracking over acidic zeolites, it is generally believed that monomolecular (protolytic) and bimolecular (oligomerization cracking) pentene cracking are the main reaction pathways [10,11]. Lin et al. [12] established cracking routes of pentene, as shown in Figure 1. The selectivity of ethylene and propylene can be promoted by controlling the reaction pathway. Miyaji et al. [13] reported that when the spatial volume of the zeolite cavity was almost the same as the volume of pentyl cations, the high selectivity of ethylene and propylene was obtained via strengthening monomolecular cracking of pentene. Lin et al. [12] studied the effect of acid strength on the cracking reaction of pentene. They concluded that strong acid sites could promote the reaction pathways that produced ethylene, while weak acid sites preferred the reaction pathways that formed propylene. Sun et al. [8] found that a high strong Brønsted acid site concentration was conducive to the monomolecular cracking of pentene and could improve the total yield of ethylene and propylene. In these studies, the selectivity of ethylene and propylene was improved by adjusting the zeolite properties and controlling the reaction pathway. In addition, reaction conditions, especially temperature, can also significantly affect the pentene reaction pathway and the selectivity of ethylene and propylene [10].



Zhu et al. [14] investigated the effect of reaction conditions on the cracking of butene to ethylene and propylene. They found that the ethylene selectivity increased gradually with increased temperature and decreased WHSV, while the propylene selectivity increased first and then decreased. Chen et al. [15] and Sun et al. [16] studied the reaction of hexene to ethylene and propylene under various conditions and obtained similar conclusions. Some studies have reported the effect of temperature on the pentene cracking reaction [17,18,19,20,21,22,23,24,25]. Huang et al. [18] studied the kinetics of C3–C7 olefin transformation. They found that the monomolecular cracking reaction of pentene had a high activation energy. The rate of monomolecular cracking increased with rising temperature, while that of bimolecular cracking fell. Therefore, the selectivity of ethylene and propylene was strengthened with the increase in temperature. Aretin et al. [19] established a single-event kinetic model for 1-pentene cracking on H-ZSM-5 and obtained similar conclusions. Zhang et al. [22] studied the thermodynamic equilibrium distribution of the olefin catalytic pyrolysis process. They found that the thermodynamic equilibrium composition of ethylene and propylene was 10% and 30% at 550 °C up to 50% and 40% at 750 °C, respectively. Thus, in order to improve the yield of ethylene and propylene, it was necessary to increase the reaction temperature. As for pentene cracking at high temperatures (>600 °C), the reaction modes include thermal cracking following the free radical mechanism [26,27] and catalytic cracking following the carbenium ion mechanism [28,29].



Previous studies about pentene cracking reactions mainly focused on 500–600 °C (in this temperature range, the thermal cracking reaction is insignificant). It is still a much-disputed subject whether the pentene cracking reaction mainly follows a thermal or catalytic cracking mechanism at high temperatures (>600 °C). This study aims to explore the roles of thermal cracking and catalytic crackingreaction for pentene cracking over H-ZSM-5 at high temperatures (>600 °C). Therefore, a thermal/catalytic cracking proportion model was established based on the analysis of pentene cracking over H-ZSM-5 and quartz sand at different temperatures. We found that the proportion of pentene feed chemically adsorbed with the acid sites and cracked through catalytic cracking was above 88.4%, even at 750 °C. In addition, the reason for the high ethylene and propylene selectivity of pentene was elucidated by deducing and estimating the cracking pathway at high temperatures. These results are of reference value for optimizing reaction conditions and understanding the reaction mechanism of pentene cracking at high temperatures.




2. Results


2.1. Pentene Cracking Reaction over H-ZSM-5 with Different Conditions


2.1.1. Effect of Reaction Temperature on the Yields and Selectivities of Pentene Cracking Products


The effect of reaction temperature on the main product yields (a) and selectivities (b) from pentene cracking are shown in Figure 2. As shown in Figure 2a, the total yield of ethylene and propylene reached a maximum (60.1%) at 700 °C. In Figure 2b, the ethylene selectivity increased with increasing temperature, and the propylene selectivity reached a maximum at 700 °C, while the butene selectivity decreased with increasing temperature. Some researchers observed similar trends for the effect of reaction temperature on the product selectivity in the pentene creaking reaction at 250–550 °C [18,19,25].



As shown in Figure 1, butene originates from a bimolecular cracking reaction. The decrease in butene selectivity indicated that high temperatures inhibited the bimolecular cracking reaction. This effect of increasing temperature to restrain the bimolecular cracking of pentene has been previously reported in the literature [12,16,18,19]. The propylene selectivity first went up and then went down. This was because, to a certain extent, the high temperature enhanced the cracking rate so as to improve the propene selectivity. However, at a certain temperature, the aromatization reaction would aggravate and reduce the propene selectivity. This is consistent with the research of Chen et al. [15] and Kubo et al. [30].



Figure 3 shows the selectivities of byproducts from pentene cracking over H-ZSM-5 at different reaction temperatures. The selectivities of H2 and CH4 + C2H6 increased markedly with increasing temperature, while the selectivity of the C3–C5 paraffin decreased sharply. The total aromatics selectivity decreased slowly and then increased gradually. H2 was mainly derived from the dehydrogenation reaction. The increase in H2 selectivity indicated that the high temperature favored the dehydrogenation reaction. The increase in CH4 + C2H6 selectivity might be related to the acceleration of the thermal cracking [16]. The decrease in C3–C5 paraffin selectivity was attributed to the inhibition of the hydrogen transfer reaction by the high temperatures [14]. The process of aromatics formation in olefin cracking reactions is generally believed to proceed through the cyclization of olefins, followed by hydrogen transfer or a dehydro-aromatization reaction [12,31]. Choudhary et al. [32] reported that the aromatization reaction involved mainly hydrogen transfer reactions at lower temperatures, but it involved mainly dehydro-aromatization reactions at higher temperatures. The possible reason for the non-monotonic variation of total aromatic selectivity with increasing temperature was that the aromatics generated by the hydrogen transfer reaction decreased, while those generated by the dehydro-aromatization reaction increased. The variation trend of the total aromatic selectivity was consistent with C3–C5 paraffin selectivity at 500–600 °C and consistent with H2 selectivity at 650–750 °C, which confirmed the view above. Chen et al. [33] observed a similar trend for the effect of reaction temperature on aromatics formation.




2.1.2. Effect of WHSV on the Yields and Selectivities of Pentene Cracking Products


The effects of WHSV on the main product yields (a) and selectivities (b) of pentene cracking over H-ZSM-5 are shown in Figure 4. As shown in Figure 4a, the total yield of ethylene and propylene reached a maximum (67.8%) at 57 h−1. In Figure 4b, with the increase in WHSV, the ethylene selectivity decreased while the butene selectivity increased. The reason for this variation may be that the secondary cracking of butene is enhanced at low WHSV. Propylene selectivity increased first and then decreased with increasing WHSV. This was because low WHSV would aggravate the long-chain olefins such as C5+ olefins cracking to propylene and accelerate the aromatization and hydrogen transfer reaction of propylene; however, high WHSV made the cracking reaction insufficient [15].



The effects of WHSV on the selectivities of byproducts from pentene cracking over H-ZSM-5 are shown in Figure 5. The selectivities of H2, CH4 + C2H6, and total aromatics decreased markedly with increasing WHSV, whereas the selectivity of the C3–C5 paraffin increased marginally and then decreased gradually. The variation trends of H2 and total aromatics selectivity were consistent, indicating that the aromatics were mainly derived from dehydro-aromatization reaction under such conditions, and low WHSV promoted this reaction. This result is consistent with the previous research by Choudhary et al. [34]. The drop in the selectivity of CH4 + C2H6 might be due to the high WHSV inhibiting the thermal cracking. The C3–C5 paraffin selectivity varied non-monotonically because the increase in WHSV promoted the selectivity of C3–C5 olefin, and the formation of C3–C5 paraffin resulted from C3–C5 olefin [35]; simultaneously, the inhibition of the hydrogen transfer reaction by the high WHSV suppressed the selectivity of the C3–C5 paraffin [15].





2.2. Roles of Thermal Cracking and Catalytic Cracking in Pentene Cracking over H-ZSM-5 at High Temperatures


The modes for pentene cracking over H-ZSM-5 at high temperatures include thermal cracking following the free radical mechanism [26] and catalytic cracking following the carbenium ion mechanism [28]. In order to clarify the roles of thermal cracking and catalytic cracking, comparative experiments were performed over quartz sand and H-ZSM-5.



As shown in Figure 6, the conversion of pentene cracking over quartz sand was negligible at 500–600 °C. Therefore, the thermal cracking reaction in this temperature range was no longer considered. Then, with the growth of temperature, the conversion gradually increased. Obviously, the thermal cracking reaction cannot be ignored when the temperature exceeds 600 °C, so the catalytic cracking and thermal cracking reactions coexist for the pentene cracking over H-ZSM-5 at 650–750 °C. Moreover, the conversion of pentene cracking over quartz sand at 650–750 °C was lower than 50%; however, the conversion over H-ZSM-5 exceeded 80% at 500–600 °C. Therefore, it could be inferred that the conversion of pure catalytic cracking was higher than that of thermal cracking across the whole temperature range.



In order to quantify the magnitude of the thermal cracking and the catalytic cracking for pentene cracking over H-ZSM-5 at 650–750 °C, a thermal/catalytic cracking proportion model was established. The scheme of the model is shown in Figure 7.



As far as we know, this is the first time that the model has been proposed and applied to the olefin cracking reaction at high temperatures. For a certain amount of pentene reactant in the reaction, the portion chemically adsorbed with the acid sites was accounted for a, which was supposed to be catalytically converted or finally desorbed; the remaining portion was dissociative and accounted for 1 − a, which was supposed to be thermally cracked or unreacted. Therefore, the total conversion of pentene over H-ZSM-5 at 650–750 °C could be expressed as Equation (1):


a × Ccatalytic + (1 − a) × Cthermal = Ctotal



(1)




where Ccatalytic is the conversion of catalytic cracking for chemically adsorbed pentene, Cthermal is the conversion of thermal cracking for dissociative pentene, and Ctotal is the total conversion for pentene feed.



Equation (1) can be transformed into Equation (2).


a = (Ctotal − Cthermal)/(Ccatalytic − Cthermal)



(2)







Ccatalytic is greater than Ctotal, because a is less than one. This is consistent with the conclusion from Figure 6. In Equation (2), Cthermal and Ctotal are observed values from the experiments of the pentene cracking reaction over quartz sand and H-ZSM-5, respectively. The value of Ccatalytic is not measurable at 650–750 °C because thermal cracking and catalytic cracking coexist. However, the value ranges of Ccatalytic can be deduced from Ctotal. For example, the Ctotal is 87.1% (Figure 6) at 650 °C; therefore, the value range of Ccatalytic is 87.1–100%. Moreover, the values of Cthermal, Ccatalytic, Ctotal, and a are all fixed under certain reaction conditions. Therefore, substituting the maximum possible value of Ccatalytic into Equation (2), the minimum possible value of a can be obtained. For example, the value range of Ccatalytic is 87.1–100% at 650 °C; therefore, the value range of a is 85.9–100%. The value ranges of Ccatalytic and a at 650–750 °C are shown in Table 1. As shown in Table 1, the proportion of pentene feed chemically adsorbed with the acid sites is more than 85.8% at 650–750 °C, and these pentenes converted via catalytic cracking are more than 87.1%. It indicates that the catalytic cracking dominates the global cracking reaction even at 750 °C.



The yield of each product from the thermal cracking reaction can be estimated by Equation (3) when pentene reacts over H-ZSM-5 at 650–750 °C.


yi,max = (1 − amin) × ythermal,i



(3)




where yi,max is the maximum yield of the product i from thermal cracking of pentene cracking over H-ZSM-5, and ythermal,i is the yield of the product i from pentene cracking over quartz sand.



The product distributions of pentene cracking over quartz sand at various temperatures are listed in Table S1 (in the Supplementary Materials). As shown in Table S1, the main products of thermal cracking are methane, ethane, ethylene, propylene, and butene. Figure 8 shows the proportion of the main products derived from catalytic cracking and thermal cracking for pentene cracking over H-ZSM-5 at 650–750 °C. The contribution of the thermal cracking reaction to each product was calculated by Equation (3).



As shown in Figure 8, with increasing temperature, the contribution of the thermal cracking reaction to the main products gradually increased. However, even at 750 °C, the contribution of thermal cracking to ethylene, propylene, and butene was less than 10%. This indicated that the light olefins in the products were mainly derived from catalytic cracking rather than thermal cracking, even at 750 °C. Hou et al. [36] obtained a different result in the C5 alkane cracking reaction over ZSM-22 at high temperatures. They found that C5 alkane mainly followed the thermal cracking reaction mechanism at 700–800 °C.



The proportion of methane and ethane derived from catalytic cracking and thermal cracking for pentene cracking over H-ZSM-5 at 650–750 °C is shown in Figure 9.



As shown in Figure 9, the proportion of methane and ethane derived from thermal cracking increased with increasing temperature, while the contribution of thermal cracking to methane and ethane was less than 30% even at 750 °C. Therefore, it can be concluded that methane and ethane mainly arise from catalytic cracking but not thermal cracking. Longstaff [37] found that methane and ethane were mainly derived from catalytic cracking rather than thermal cracking reactions for naphtha cracking at 650 °C over ZSM-5.



The pentene molecule contains an electron-rich structure of a carbon–carbon double bond, which is very easily chemically adsorbed at the acid site of H-ZSM-5 zeolite to form a carbenium ion [38,39]. The fast chemical adsorption of pentene feed resulted in a sharp decrease in dissociative pentene feed. Once the carbenium ion intermediate was formed, it was more challenging to undergo a thermal cracking reaction because the presence of a positive charge resulted in the electrons in the carbon–carbon bonds shifting, making it hard to homogenize and form free radicals. Castro-Marcano et al. [40] found that the formation of unstable methyl and ethyl carbenium ion intermediates became possible at high temperatures, and methane and ethane could arise from the hydrogen transfer reaction of methyl and ethyl carbenium ions.




2.3. Deduction and Estimation of Reaction Pathways for Pentene Catalytic Cracking


As proven in Section 2.2, the pentene cracking reaction is mainly via catalytic cracking rather than thermal cracking, even at 650–750 °C. Some useful information about pentene cracking pathways can be obtained based on product distribution.



The paraffin in the cracking product is derived from the hydrogen transfer reaction of the olefin with the same carbon number [41]. Therefore, pentene cracking pathways could be estimated based on the carbon balance. Table 2 shows the selectivities of the main product from pentene catalytic cracking reaction at different temperatures over H-ZSM-5. The products from the thermal cracking reaction have been deduced by using Equation (3).



As shown in Table 2, a large amount of methane was generated by catalytic cracking reactions at 650–750 °C. Buchanan et al. [42] proposed that methane can arise from the methyl carbenium ion, followed by the hydrogen transfer reaction. Castro-Marcano et al. [40] confirmed that the methyl carbenium ion could exist at high temperatures, and methane could be produced by the hydrogen transfer reaction of methyl carbenium ion by molecular dynamics simulation.



In general, bimolecular cracking of pentene was unfavorable for the formation of ethylene [12,18]. Moreover, even in monomolecular cracking of pentene, C2 selectivity should be the same as that of C3, and C1 selectivity should be equal to that of C4. However, the C2 selectivity was higher than that of C3, and the C1 selectivity was higher than that of C4 at 750 °C. The reasonable explanation for this phenomenon might be that part of the butene in the product underwent secondary cracking.



The bimolecular cracking process dominates at low temperatures [17], which is not conducive to forming the methyl carbenium ion. Hence, the pathways of generating methyl carbenium ions in the whole bimolecular cracking process were ignored. Moreover, in bimolecular cracking, C10 carbenium ions had more energetically favorable β-scission modes available [42]. Thus, neglecting their direct cracking to the ethyl carbenium ion or ethylene is reasonable.



Based on the analysis above, the possible cracking pathways of pentene are summarized in Figure 10. As shown in Figure 10, the cracking reaction follows pathway I (C5= → C1 + C4=), pathway II (C5= → C2= + C3=), and pathway III (2C5= → C10+). Because C10+ can further crack into light olefins, pathway III has four subsequent branches: pathway III-1 (C10+ → C4= + C6+ → C2= + 2C4=), pathway III-2 (C10+ → C4= + C6+ → 2C3= + C4=), pathway III-3 (C10+ → C3=+C7+ → 2C3= + C4=), and pathway III-4 (C10+ → C3= + C7+→ C2= + C3= + C5=). It is noteworthy that pathway I can only proceed above 650 °C, and the secondary cracking of butene can only occur at 750 °C.



According to the main cracking pathways in Figure 10, some essential estimations can be made. We assumed that pathway III accounted for b, pathway II accounted for c, and pathway I accounted for 1 − b − c. The possibility of pathway III-4 was ignored because it was negligible compared with the other reaction pathways [12,13]. For the conversion of the C10 carbenium ion intermediates, pathway III-1 was assumed to account for d; pathways III-2 and III-3 having the same final products totally accounted for 1 − d. Without considering the secondary cracking of butene, it can be assumed that C1/C2 = (1 − b − c)/(c + 0.5bd), C2/C3 = (c + 0.5bd)/(c + b − bd), C3/C4 = (c + b − bd)/(1 − 0.5b − c + 0.5bd). Lin et al. [12] used a similar method to estimate the cracking reaction pathway of 1-pentene. Methane selectivity was negligible at 500–600 °C (Table 2). Therefore, 1 − b − c = 0 was observed in this temperature range. At 750 °C, the secondary cracking proportion in the generated butene accounted for k. At this point, b was obtained by extrapolating its value at 500–700 °C (Figure 11). The values of b, c, and d can be calculated according to the selectivity of C1−C4 (Table 2).



Table 3 shows the cracking pathway proportions of pentene under various temperatures. As shown in Table 3, the proportion of pathway III decreased from 99% at 500 °C to 5% at 750 °C, indicating that high temperatures suppressed the bimolecular cracking reaction. However, the proportions of pathway II and pathway III-1 increased with increasing temperature, suggesting that increasing temperature favored the pathways of ethylene formation. Notably, although the proportion of pathway III-1 to the total bimolecular cracking pathways increased, the ratio of bimolecular cracking to total pentene cracking decreased rapidly. Therefore, pathway III-1 was not the primary source of ethylene at high temperatures. In addition, the proportion of pathway I gradually increased from 650 °C to 750 °C, and 23% of butene underwent secondary cracking at 750 °C to ethylene. These results showed that the increase in ethylene selectivity was mainly caused by pathway II and the secondary cracking of butene.




2.4. Regeneration Performance of the Zeolite


The regeneration experiments of H-ZSM-5 zeolite were carried out to investigate its regeneration performance. The cracking reaction of pentene was carried out at 650 °C and 83 h−1 then the zeolite was regenerated. The conversion, ethylene yield, and propylene yield were selected as indexes. As shown in Figure 12, the conversion, ethylene yield, and propylene yield had little change. After 20 times of regeneration, the conversion of pentene was still greater than 80%, and the yield of ethylene and propylene was greater than 15% and 30%, respectively. It showed that H-ZSM-5 zeolite had a good regeneration performance.



Figure 13 shows the XRD pattern of H-ZSM-5 before and after 20 times of regeneration. It can be seen from Figure 13 that the peak position and diffraction intensity of the zeolite after 20 times of regeneration are completely consistent with the fresh zeolite, indicating that the skeleton structure of H-ZSM-5 zeolite has not changed after multiple reactions and regenerations.



The acid strength of the fresh, regenerated, and spent zeolites was determined by NH3-TPD, as shown in Figure 14. The TPD profiles showed a similar peak position and size for the fresh and regenerated zeolite, indicating that the acid properties after regeneration had barely changed. However, the TPD profiles of spent zeolite differed from the former. The weak acid peak (at around 210 °C) of the spent zeolite was smaller than the fresh zeolite, and the strong acid peak almost did not exist. This showed that the deactivation of the zeolite had a more significant effect on the strong acid site.



In Table 4, the surface area and pore volume of fresh, regenerated, and spent catalysts were measured by BET, while FTIR was used to measure the acid concentration. There was no obvious difference in these properties between fresh and regenerated zeolite, indicating that the properties of zeolite did not change after regeneration. However, the surface area, pore volume, and acid concentration of the spent catalyst were smaller than fresh zeolite, especially the micropore area, micropore volume, and Brønsted acid concentration. This showed that the deactivation of the zeolite mainly affected the microporous structure and Brønsted acid site of the zeolite.





3. Materials and Methods


3.1. Feedstock and Catalyst Preparation


1-Pentene was purchased from Tokyo Chemical Industry (Shanghai) Co., Ltd. (Tokyo, Japan) with a purity higher than 98%. We found that the conversion and ethylene/propylene selectivity of pentene cracking over the aged H-ZSM-5 zeolite with an SiO2/Al2O3 ratio of about 100 was a good compromise. The H-ZSM-5 zeolite powder (n(SiO2):n(Al2O3) = 95.6) was purchased from the Sinopec Catalyst Corporation of China (Beijing). Diammonium hydrogen phosphate ((NH4)2HPO4) was purchased from Innochem Technology Co., Ltd. (Beijing, China).



The parent H-ZSM-5 zeolite was treated by the following steps: First, the HZSM-5 zeolite power was immersed in an aqueous solution of (NH4)2HPO4 (0.15 mol/dm3), and the slurry was stirred for 2 h at 323 K and then dried by rotary evaporation at 313 K under reduced pressure. The obtained product was dried at 393 K overnight and calcined for 4 h at 873 K (heating rate, 0.167 K·s−1) in air. The amount of phosphorus was 1.2 wt% of the zeolite. The zeolites were pressed, crushed, screened, and 20–40 mesh zeolites were collected. Then, the zeolite was hydrothermally treated at 800 °C (heating rate, 0.111 K·s−1) for 4 h. Some studies reported similar methods to improve the stability of the zeolite [4,43].




3.2. Catalyst Characterization


The crystallinity of the H-ZSM-5 zeolite was determined by X-ray diffraction (XRD) on an EMPYEEAN powder diffractometer (PANalytical Corporation, Alemlo, Netherland) with Cu Kα radiation (λ = 0.154 nm) at a scanning rate of 0.02° min−1 from 5° to 35°. A nitrogen adsorption–desorption experiment was carried out at 77 K on a Micromeritics ASAP 2420 instrument to determine the specific surface areas and pore volume. The zeolite samples were activated under 10−2 Pa for 4 h prior to the adsorption measurements. The Brunauer–Emmett–Teller (BET) equation was used to calculate the surface area and pore volume of zeolite. NH3-TPD experiments were carried out on an Autochem II 2920 (Micromeritics Instruments Corporation, Atlanta, GA, USA) unit equipped with a thermal conductivity detector. The zeolite sample (ca. 0.05 g) was pre-treated under a flow of helium at 400 °C for 1 h. After cooling to 150 °C, the sample was placed in a mixed gas flow of 10% NH3 and 90% He (40 mL·min−1) and saturated with ammonia. After 60 min, the flow was switched to nitrogen, and the sample was heated from 150 to 600 °C at a rate of 10 °C·min−1 under helium flow (40 mL·min−1). The desorbed ammonia was monitored by a thermal conductivity detector. The concentration of the Brønsted and Lewis acid sites was determined on a Bruker Vertex 80v FT-IR spectrometer (Salbruken, Germany). A self-supported catalyst wafer with a weight of 25 mg in an in situ cell with CaF2 windows was heated to 400 °C for 1h under 10−6 Pa and then cooled to room temperature. A blank spectrum from 1300 to 1700 cm−1 was recorded. Pyridine was adsorbed until equilibrium. Desorption was performed at 200 and 350 °C for 30 min, then the spectra of total acid and strong acid sites were recorded, respectively. The total acid concentration of fresh zeolite was 143.2 μmol·g−1; the surface area was 366 m2·g−1; the micropore volume was 0.171 cm3·g−1; the mesopore volume was 0.019 cm3·g−1. The total acid concentration of the regenerated zeolite (20 times) was 138.5 μmol·g−1; the surface area 352 m2·g−1; the micropore volume was 0.162 cm3·g−1; the mesopore volume was 0.023 cm3·g−1.




3.3. Reaction Equipment and Product Analysis


The pentene cracking experiments were performed in a continuous-flow fixed-bed reactor at atmospheric pressure. The feed was not diluted before entering the reactor. A diagram of the apparatus is shown in Figure 15.



Six quartz tube reactors with a length of 420 mm (effective length of 150 mm) and an inner diameter of 6 mm were placed in the heating furnace. Thermocouples were placed at the center of the catalyst bed and 10 mm above the catalyst to ensure isothermal conditions. The 20–40 mesh catalyst was fixed using quartz wool at the bottom of the reactor.



Before the test, the whole system was swept with nitrogen. For each experimental run, the reactant feed was diluted with nitrogen, preheated to 150 °C, and injected into the reactor. After feeding, nitrogen was used to purge the catalyst bed in the reactor. The products were separated into the gas and liquid phases by a cool trap (−19 °C). The volumetric percentage of each component in the vapor was determined by an Agilent 6890 (Agilent Technologies Co., Ltd., Santa Clara, CA, USA) gas chromatograph (GC) equipped with a flame ionization detector (FID) and thermal conductivity detector (TCD). The mass of the vapor was calculated by the ideal gas equation. An Agilent 7890B (Agilent Technologies Co., Ltd., Santa Clara, CA, USA) gas chromatograph (GC) equipped with an OV-1 column (50 m × 0.2 mm × 0.5 μm) and a flame ionization detector was used to determine the mass percentage of each component for the liquid products. After the reaction, the temperature was raised to 670 °C (heating rate, 0.111 K·s−1), air (2 mL·s−1) was introduced for zeolite regeneration, and the resulting CO2 was detected by a QGS-08B infrared carbon dioxide analyzer. The experiments with a mass balance of 95–105% were retained, and the others were discarded.




3.4. Operating Conditions and Reaction Indices


The pentene cracking experiments were performed under the following conditions: total pressure 130 kPa, partial pressure 60 kPa, reaction duration 70 s, time on the stream 0 s, temperature 500–750 °C, WHSV 15–83 h−1. Nitrogen was used as a dilution gas. The mass of the catalyst was 1 g.



The conversion of feed is defined as:


Conversion(C5=) = [mi(C5=) − mo(C5=)]/mi(C5=) × 100%



(4)




where mi(C5=) and mo(C5=) are the mass flowrate of pentene in the inlet and outlet stream, respectively.



The molar selectivity of component Ci is defined as:


Selectivity(Ci) = no(Ci)/[ni(C5=) − no(C5=)] × 100%



(5)




where no(Ci) is the molar flowrate of component Ci in the outlet stream, ni(C5=) and no(C5=) are the molar flowrate of pentene at the inlet and outlet stream, respectively. Total aromatics is defined as the total of various C6–C10 aromatics.



The yield of component Ci is defined as:


Yield(Ci) = mo(Ci)/mi(C5=) × 100%



(6)




where mo(Ci) is the mass flowrate of component Ci in the outlet stream, and mi(C5=) is the mass flowrate of pentene in the inlet stream. C5+ fraction is defined as C6–C10 hydrocarbon which does not include aromatics.





4. Conclusions


The effects of reaction temperature and WHSV on the cracking of pentene to ethylene and propylene were investigated over H-ZSM-5. The ethylene selectivity increased with increasing temperature and decreased with increasing WHSV. The propylene selectivity reached a maximum with increasing temperature and WHSV. The total yield of ethylene and propylene reached a maximum (67.8 wt%) at 700 °C and 57 h−1.



Catalytic cracking contributed notably to the pentene cracking reaction over H-ZSM-5 at high temperatures. The proportion of pentene feed chemically adsorbed with the acid sites and cracked through catalytic cracking was above 88.4%, even at 750 °C. Ethylene and propylene in the products were mainly derived from catalytic cracking rather than thermal cracking at high temperatures. Based on the product distribution at various temperatures, the possible reaction network of pentene was summarized and estimated. The monomolecular cracking proportion increased from 1% at 500 °C to 95% at 750 °C. The increase in the monomolecular cracking proportion and the secondary cracking of butene were the main reasons for the high selectivity of ethylene and propylene at high temperatures. After 20 times of regeneration, the acidity and pore structure of the zeolite had little changed, and the conversion of pentene remained above 80% at 650 °C.
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Figure 1. Reaction routes of pentene mono- and bimolecular cracking. 
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Figure 2. The main product yields (a) and selectivities (b) from pentene cracking over H-ZSM-5 vs. reaction temperatures. (C5+ fraction is defined as C6–C10 hydrocarbon which does not include aromatics). Reaction conditions: total pressure, 130 kPa; partial pressure, 60 kPa; WHSV, 83 h−1. 
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Figure 3. Selectivities of byproducts from pentene cracking over H-ZSM-5 vs. reaction temperatures. Reaction conditions: total pressure, 130 kPa; partial pressure, 60 kPa; WHSV, 83 h−1. 
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Figure 4. The main product yields (a) and selectivities (b) of pentene cracking over H-ZSM-5 vs. WHSV. (C5+ fraction is defined as C6–C10 hydrocarbon which does not include aromatics) Reaction conditions: total pressure, 130 kPa; partial pressure, 60 kPa; reaction temperature, 700 °C. 
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Figure 5. Selectivities of byproducts from pentene cracking over H-ZSM-5 vs. WHSV. Reaction conditions: total pressure, 130 kPa; partial pressure, 60 kPa; reaction temperature, 700 °C. 
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Figure 6. Conversions of pentene cracking over quartz sand and H-ZSM-5 vs. reaction temperatures. Reaction conditions: total pressure, 130 kPa; partial pressure, 60 kPa; WHSV, 83 h−1. 
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Figure 7. The thermal/catalytic cracking proportion model for pentene cracking over H-ZSM-5. 
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Figure 8. The proportion of the main products derived from catalytic cracking and thermal cracking for pentene cracking over H-ZSM-5 at 650–750 °C. Reaction conditions: total pressure, 130 kPa; partial pressure, 60 kPa; WHSV, 83 h−1. 






Figure 8. The proportion of the main products derived from catalytic cracking and thermal cracking for pentene cracking over H-ZSM-5 at 650–750 °C. Reaction conditions: total pressure, 130 kPa; partial pressure, 60 kPa; WHSV, 83 h−1.



[image: Catalysts 13 00073 g008]







[image: Catalysts 13 00073 g009 550] 





Figure 9. The proportion of methane and ethane derived from catalytic cracking and thermal cracking for pentene cracking over H-ZSM-5 at 650–750 °C. Reaction conditions: total pressure, 130 kPa; partial pressure, 60 kPa; WHSV, 83 h−1. 
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Figure 10. Possible cracking pathways of pentene (full line circle represents all cracking, dotted line circle represents part cracking). 






Figure 10. Possible cracking pathways of pentene (full line circle represents all cracking, dotted line circle represents part cracking).



[image: Catalysts 13 00073 g010]







[image: Catalysts 13 00073 g011 550] 





Figure 11. Bimolecular cracking proportions of pentene vs. reaction temperatures. Reaction conditions: total pressure, 130 kPa; partial pressure, 60 kPa; WHSV, 83 h−1. 
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Figure 12. Regeneration performance evaluation of H-ZSM-5 zeolite. Reaction conditions: total pressure, 130 kPa; partial pressure, 60 kPa; 650 °C; WHSV, 83 h−1. Regeneration conditions: 670 °C; Compressed air (120 mL·min−1) sweeps for 10 min. 
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Figure 13. XRD pattern of fresh and regenerated HZSM-5 zeolite. 
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Figure 14. The NH3-TPD profiles of fresh, regenerated, and spent HZSM-5 zeolite. 
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Figure 15. Fixed-bed reactor setup. 
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Table 1. Value ranges of Ccatalytic and a in pentene cracking over H-ZSM-5 at 650–750 °C and 83 h−1.
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	Reaction Temperature, °C
	Ccatalytic
	a





	650
	87.1–100%
	85.8–100%



	700
	91.6–100%
	89.5–100%



	750
	93.0–100%
	88.4–100%
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Table 2. Selectivities of the main product from pentene catalytic cracking under various temperatures. Reaction conditions: total pressure, 130 kPa; partial pressure, 60 kPa; WHSV, 83 h−1.
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Reaction

Temperature, °C

	
Product Selectivity, mol%




	
C1 a

	
C2 b

	
C3 c

	
C4 d






	
500

	
trace

	
11.33

	
46.69

	
44.17




	
550

	
trace

	
21.79

	
56.05

	
44.58




	
600

	
trace

	
33.23

	
58.90

	
38.75




	
650

	
2.31

	
47.77

	
63.56

	
33.85




	
700

	
5.71

	
64.61

	
68.92

	
26.65




	
750

	
14.39

	
69.32

	
60.30

	
13.74








a C1 represents the selectivity of methane; b C2 represents the total selectivity of ethane plus ethylene; c C3 represents the total selectivity of propane plus propylene; d C4 represents the total selectivity of butane plus butene.
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Table 3. Cracking pathway proportions of pentene under various temperatures. Reaction conditions: total pressure, 130 kPa; partial pressure, 60 kPa; WHSV, 83 h−1.
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Reaction

Temperature, °C

	
Cracking Pathway Proportions




	
b

	
c

	
1 − b − c

	
d

	
k






	
500

	
0.99

	
0.01

	
0.00

	
0.32

	
-




	
550

	
0.86

	
0.14

	
0.00

	
0.33

	
-




	
600

	
0.71

	
0.29

	
0.00

	
0.37

	
-




	
650

	
0.52

	
0.45

	
0.03

	
0.42

	
-




	
700

	
0.30

	
0.64

	
0.06

	
0.56

	
-




	
750

	
0.05

	
0.76

	
0.19

	
0.79

	
0.23
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Table 4. Textural properties of the H-ZSM-5.
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Zeolite

	
Surface Area (m2·g−1) a

	
Pore Volume (cm3·g−1) a

	
Acid Concentration (μmol·g−1) b




	
Total

	
Micro

	
Total

	
Micro

	
LAS

	
BAS






	
Fresh zeolite

	
366

	
334

	
0.192

	
0.171

	
116.1

	
27.1




	
Regenerated zeolite

	
352

	
322

	
0.185

	
0.162

	
113.3

	
25.2




	
Spent zeolite

	
301

	
284

	
0.152

	
0.139

	
52.3

	
2.5








a Detected by BET; b Derived from FT-IR spectroscopy with pyridine as a probe molecule.
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