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Abstract

:

The dehydrogenation of low-carbon alkane to obtain olefins is an effective way to meet the steadily increasing demand of these building blocks in chemical industry. In this study, Ca-doped CrOx/γ-Al2O3 catalysts were fabricated via a one-pot method by employing Cr(OH)3 as the precursor, and their catalytic performances were tested in the dehydrogenation of isobutane to isobutene (DITI) process. The prepared catalysts were intensively characterized by XRD, SEM, NH3-TPD, H2-TPR, low-temperature N2 adsorption–desorption, etc. These characterization results indicated that the doping of Ca into the CrOx/γ-Al2O3 catalysts could tune the acidity properties of the prepared catalysts and enhance the interaction between the active species and support. The Ca-doped CrOx/γ-Al2O3 catalysts, especially the Ca2-Cr/γ-Al2O3 catalyst with a Ca doping of 2 wt%, exhibited a superior catalytic performance in the DITI process in comparison with the undoped catalyst.
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1. Introduction


In recent years, the supply of low-carbon olefins obtained from conventional routes, such as steam cracking and catalytic cracking, have not been able to satisfy the rapid development of the global economy and the petrochemical industry [1]. Moreover, these conventional processes also have the disadvantages of a large energy consumption and a low olefin yield [2,3]. Alternatively, the dehydrogenation of low-carbon alkane seems to be an effective way to obtain olefins by addressing the fast deletion of the crude oil reservoir. Among these olefins, isobutene is one of the major building blocks in the petrochemical industry for producing methyl tert-butyl ether (MTBE), methyl methacrylate (MMA), tert-butyl alcohol (TBA) and other important intermediates [4,5,6]. Compared to the oxidative dehydrogenation technique, the non-oxidative dehydrogenation of isobutane has the merits of low energy consumption and safe and reliable operation; as such, it is considered an attractive process to meet the increasing demand for isobutene [7]. However, the isobutane dehydrogenation reaction is an endothermic process that requires relatively low pressure and high temperature to achieve the high conversion of isobutane and high selectivity of isobutene [7,8,9,10,11]. The high reaction temperature inevitably results in the thermal cracking of the isobutane and the fast deactivation of the catalyst due to severe carbon deposition [12]. Therefore, the objective of the present and future studies is to modify the conventional catalysts or explore novel catalysts for the dehydrogenation of isobutane to isobutene (DITI).



Many metal material catalysts, such as platinum-based, chromium-based, vanadium-based and molybdenum-based catalysts, have been intensively investigated and reported on in regard to the dehydrogenation reaction [13,14,15,16]. In particular, chromium-based catalysts have been found to exhibit high catalytic activity for the dehydrogenation of low-carbon alkanes and have been widely used in commercial processes [17,18]. The addition of promoters (alkali metals or rare earth metals) could bring a positive effect for promoting both the activity and selectivity of chromium-based dehydrogenation catalysts [7,18]. The introduction of the Ga element into the chromium-based catalyst has been shown to enhance the catalyst stability at least in 60 cycles without changes in catalytic activity and selectivity during tests of isobutane dehydrogenation [19]. The addition of nickel has been shown to lead to the formation of low-valent chromium as well as the decrease of the Cr6+ content for the improvement of the catalytic activity [20]. The addition of the K additive has been shown to dramatically reduce the acidity of catalysts, thus decreasing the rate of coke formation. However, the addition of the K species has also exhibited a negative impact on the dehydrogenation process due to the poison of some Lewis acid sites [21], and it has been found in the oxidative dehydrogenation of isobutane that the alkaline-earth metal Ca additive with a mild alkaline property could decrease the acidity of chromium-based catalysts and weaken the adsorption of formed isobutene, thus facilitating the desorption process [22]. However, the effect of Ca doping on the catalytic DITI performance over the chromium-based catalysts has rarely been reported.



Additionally, catalyst preparation methods can significantly influence the dispersion of active sites as well as the interaction between the support and active phases [23,24,25,26]. Bai et al. employed one-step process to synthesize a Cr(OH)3 precursor for the subsequent preparation of Cr2O3 catalysts with enhanced catalytic performance in the DITI reaction [27]. The supramolecular templating technique has also been applied to fabricate the mesoporous Cr/Al2O3 catalysts, which possess a high catalytic dehydrogenation performance for light alkane due to the high dispersion of chromium oxide [28]. Therefore, an exploration of the novel precursor and support could be crucial for improving the catalytic DITI performance of chromium-based catalysts.



Moreover, in heterogeneous catalysis, the metal–support interaction could dramatically influence the catalytic performance of the prepared catalysts. Therefore, the modification of the metal–support interaction can be employed as a tool for designing novel supported metal catalysts with enhanced performance. Several synthetic strategies for the control of the metal–support interaction have been reported, such as the modification of the support (support composition, morphology, doping and surface modifications), the modification of the metal component (metal particle’ size and composition), and the post-treatment of the as-prepared catalyst (thermal, reducing agent, reduction-oxidation cycles, etc.) [29]. Among these techniques, the doping of the support with elements seems to be the simple and effective way to tune the metal–support interaction of the supported metal catalysts. For instance, the doping Mg2+ or La3+ of γ-Al2O3 has been shown to prevent the formation of the undesired mixed oxide and to adjust the typically acidic properties of γ-Al2O3 [30,31]. In this work, Ca2+ was employed to modify the γ-Al2O3 support in preparationof Ca-doped CrOx/γ-Al2O3 catalysts for the conversion of isobutane to isobutene.




2. Results


2.1. Isobutane Dehydrogenation Performance


The catalytic DITI performances of the fabricated catalysts with time on stream are shown in Figure 1. It can be observed that the isobutane conversions for all catalysts gradually decreased with reaction time. For instance, the initial isobutane conversion over the Cr/γ-Al2O3 catalyst prepared by the one-pot method was 56.5%, and reduced to 38.7% after 10 h reaction, which was better than that of the C–Cr/γ-Al2O3 catalyst (see the definition in the Materials and Methods section) fabricated by the conventional method. Moreover, the addition of Ca into the Cr/γ-Al2O3 catalysts exhibited the expected positive effect on both of the isobutane conversion and the isobutene selectivity. The isobutane conversions of Ca1–Cr/γ-Al2O3, Ca2–Cr/γ-Al2O3 and Ca4–Cr/γ-Al2O3 (see the definition in the Materials and Methods section) could be maintained at >40% after an investigation of 10 h, indicating that the relatively high stability of the catalysts after the doping of Ca. The results of the selectivity of isobutene over the prepared catalysts illustrated the same trend as the results of the isobutane conversion. For example, except for the Ca4–Cr/γ-Al2O3 catalyst, the selectivities of isobutene over all the Ca-doped catalysts increased with the increase in the doping amount of Ca, and, compared with the other Ca-doped catalysts, the Ca2–Cr/γ-Al2O3 catalyst with the optimum Ca doping of 2 wt% showed the stable and highest selectivity of isobutene (>83%) under the investigation time. Moreover, the prepared Ca-doped catalysts also exhibited a superior catalytic performance in comparison with the Cr2O3/γ-Al2O3 catalysts, which were prepared by the addition of a chelating agent, as reported in our previous work [32]. These results implied that the Ca additive (Ca loading ≤2%) exhibited a mild alkaline property to tune the acidity of the chromium-based catalysts. In addition, the selectivity of isobutene for all catalysts slowly increased during the initial 3 h of the dehydrogenation reaction due to the formation of active sites (Cr3+ species) over the catalysts.




2.2. XRD Analysis


Figure 2 shows the XRD patterns of the prepared catalysts with and without the doping of Ca. It can be seen that all samples exhibited three broad diffraction peaks at about 37.6°, 45.5° and 67.3°, with respect to the characteristic γ-Al2O3 phase (JCPDS Card No. 10-0425) [33,34]. Compared to the conventional C–Cr/γ-Al2O3 catalyst, the chromium oxide (Cr2O3) phase with low crystallinity emerged in the Cr/γ-Al2O3 catalyst prepared by employing Cr(OH)3 as the new precursor. Furthermore, it has been reported that many peaks of Cr2O3 and CaCrO4 are coincident [22]. After the doping of Ca into the Cr/γ-Al2O3 catalysts, there were no obvious changes in XRD spectra of the Ca1–Cr/γ-Al2O3, Ca2–Cr/γ-Al2O3 and Ca4–Cr/γ-Al2O3 catalysts; even the addition of Ca was up to 4 wt%, suggesting that the chromate phase (CaCrO4) was absent or below the detection limit of the XRD technique. Additionally, no other new crystalline phases could be found in the XRD patterns.




2.3. Textural Properties


Figure 3 illustrates the SEM images of the prepared catalysts for the morphology investigation. It can be seen that all catalysts possess almost the same morphologies with the aggregation of the primary clusters to form the catalyst particles, implying that the addition of Ca could not influence the basic morphologies of the catalyst. The results of the low-temperature N2 adsorption–desorption characterization from Table 1 indicate that the introduction of Cr into the γ-Al2O3 support resulted in a significant decrease of the surface area and pore volume of the obtained catalysts, especially for the C–Cr/γ-Al2O3 catalyst prepared by the conventional method. This could be ascribed to the blocking of the pore channel in γ-Al2O3 by the introduced chromium oxide. However, the Ca-doped catalysts exhibited a similar surface area of about 210 m2 g−1, which was slight decrease in comparison with the undoped Cr/γ-Al2O3 catalyst fabricated through the one-pot method, suggesting the well dispersion of the Ca in the doped catalysts.




2.4. The Analysis of the Acidity Properties


The NH3-TPD profiles are depicted in Figure 4 to evaluate the acidity properties of the prepared catalysts. It can be observed that the C–Cr/γ-Al2O3 catalyst exhibited the NH3-TPD profiles with the two desorption peaks located at about 130 and 390 °C, which could be ascribed to the weak and strong acid sites, respectively. Compared to C–Cr/γ-Al2O3 catalyst, the Cr/γ-Al2O3 catalyst had no obvious peak variation, but it had a slight decrease in the strength of the strong acid sites. Furthermore, after the doping of the Ca into the catalyst, the low-temperature peaks for Ca1–Cr/γ-Al2O3, Ca2–Cr/γ-Al2O3 and Ca4–Cr/γ-Al2O3 catalysts shifted to the lower temperature, showing that the doping of Ca with alkalinity could tune the acidity properties of the prepared catalysts, which accounts for the decrease in the intensity of weak acid sites. Meanwhile, the peaks of the strong acid sites over the doped catalysts also correspondingly decreased. These results imply that the Ca species doped into the catalysts could substantively tune the acidity properties of the prepared catalysts. Previous studies have demonstrated that the strong acid sites could result in side reactions, such as the isomerization and cracking reactions in dehydrogenation process [34,35,36,37]. Therefore, the prepared Ca-doped catalysts with relatively weak acid sites exhibited enhanced conversions of isobutane and selectivities of isobutene, especially for Ca2–Cr/γ-Al2O3 with the optimum Ca loading of 2 wt%, as described in the results of Figure 1.




2.5. The Reduction Behavior


The reducibility of the Cr species could significantly influence the activity of the DITI catalysts, and the corresponding H2-TPR curves for the prepared catalysts are shown in the Figure 5. It can be observed that the conventional C–Cr/γ-Al2O3 catalyst displayed the obvious single reduction peak at about 288 °C, which could be ascribed to the one-step reduction of the Cr species. Additionally, the reduction peak slightly shifted to high temperature (310 °C) for the Cr/γ-Al2O3 catalyst fabricated by the one-pot method, indicating the enhancement of the interaction between the Cr species and γ-Al2O3, as reported in the previous studies [38,39]. Moreover, after the doping of Ca into the catalysts, the elevated temperature (>390 °C) of the reduction peak for the doped catalysts suggests the existence of a strong interaction between the Cr species and the γ-Al2O3 support, which is solid evidence of the positive effect of Ca doping in the DITI catalysts. Generally, one of the main reasons for the deactivation of the DITI catalyst is the weak interaction between the active component and the support [17,38]. The existence of the strong interaction in the fabricated Ca-doped catalysts could restrain the over-reduction of active species, thus enabling the survival of the catalysts in the reducing atmosphere of the DITI. Therefore, the appropriate acid intensity and active component–support interaction could be responsible for the superior catalytic performance of the Ca2–Cr/γ-Al2O3 catalyst, which was reflected in the DITI reaction performance in Figure 1.




2.6. The TG Analysis of the Spent Catalysts


Figure 6 shows the TG curves to investigate the coke resistance of the prepared catalysts. It can be seen that there are two obvious stages of the weight loss in these curves. The weight loss in the stage 1 can be ascribed to the removal of the water and volatile organic component in the samples. Additionally, the elimination of deposited coke on the catalysts mainly occurred in Stage 2. After the doping of Ca into the catalyst, the TG results indicate that the Ca2–Cr/γ-Al2O3 catalyst exhibited improved ability for coke resistance in comparison with the undoped one (Cr/γ-Al2O3).





3. Materials and Methods


3.1. The Preparation of Catalysts


Chromium chloride hexahydrate (CrCl3·6H2O, 98%), sodium borohydride (NaBH4, 98%), calcium nitrate nonahydrate (Ca(NO3)2·9H2O, 98%) and ethanol (C2H5OH, 99.7%) were all supplied by Sinopharm, Shanghai, China, and these reagents were used as received without any further purification.



The conventional CrOx/γ-Al2O3 catalyst (denoted as C–Cr/γ-Al2O3) with a Cr loading of 10 wt% was prepared by the incipient wetness impregnation method, as described elsewhere [40], and the Ca-doped CrOx/γ-Al2O3 catalysts with a Cr loading of 10 wt% were prepared by employing Cr(OH)3 as the precursor. In the typical process, 2.04 g of CrCl3·6H2O was firstly dissolved in 10 mL of deionized water under magnetic stirring to obtain a dark green solution, and then 0.76 g of NaBH4 was poured into the above solution while slowly stirring for another 20 min until no bubbles were generated from the solution. The as-prepared Cr(OH)3 precursor was collected by centrifugation, followed by washing with ethanol. Secondly, 2 g of γ-Al2O3 and a certain amount of Ca(NO3)2 were added into the alkali solution of the prepared Cr(OH)3 products under magnetic stirring to form a homogeneous suspension. Finally, the suspension was dried at 100 °C overnight and then calcined at 600 °C for 6 h. The prepared catalysts with the Ca doping amounts of 0, 1, 2 and 4 wt% were denoted as Cr/γ-Al2O3, Ca1–Cr/γ-Al2O3, Ca2–Cr/γ-Al2O3 and Ca4–Cr/γ-Al2O3, respectively.




3.2. Samples Characterization


The powder X-ray diffraction (XRD) patterns of the catalysts were recorded on a Siemens D5000 (Cu Kα radiation, range 2θ = 10–90°, Siemens, Germany). The pore texture of the catalysts was evaluated by low-temperature N2 adsorption–desorption on a 3H-2000PS2 apparatus (Bei Shi De, Beijing, China). Before the test, samples were degassed at 150 °C for 4 h. The total pore volume was calculated as P/P0 = 0.993, and the surface areas of the samples were derived by the BET (Brunauer–Emmett–Teller) method. A scanning election microscope (SEM, JEOL JSM-7500F, Tokyo, Japan) was employed to investigate the morphologies of the prepared catalysts. The acidity properties of catalysts were evaluated by the temperature-programmed desorption of ammonia (NH3-TPD) on an ASAP 2010C (Micromeritics, Norcross, GA, USA) apparatus at ambient pressure. About 0.15 g of the catalyst was placed into a quartz reactor and saturated with ammonia at room temperature. The NH3-TPD test was carried out from 50 to 700 °C with a heating rate of 10 °C min−1. Temperature-programmed reduction (TPR) profiles were obtained on an ASAP 2010C apparatus (Micromeritics, Norcross, GA, USA). The samples were dried in an N2 flow (30 mL min−1) at 400 °C for 2 h. Then, 5 vol% H2/N2 (30 mL min−1) was introduced as the reduction gas with the temperature from 50 to 800 °C at a heating rate of 10 °C min−1. The Thermogravimetry (TG) tests were carried out on a NERZSOH STA 409 thermal analyzer (NETZSCH, Hanau, German) to investigate the amount of coke deposited on the spent catalysts. The TG curves were obtained from room temperature to 800 °C.




3.3. Catalytic Activity Evaluation


The dehydrogenation of isobutane to isobutene reaction was performed in a continuous flow fixed-bed micro-reactor under atmospheric pressure. 5 g of the prepared catalyst was located into the center of the micro-reactor, which was heated to 550 °C under N2 stream (30 mL min−1) for 2 h. Then, the undiluted isobutane gas as a raw material (40 mL min−1) was introduced into the reactor through the regulation of the mass flow controller. Reaction products were sequentially analyzed with an on-line gas chromatograph (SP-6890) equipped with a hydrogen flame ionization detector (FID). The equations for calculating the conversion rate of isobutane and the selectivity of isobutene are described as follows:


  i-  C 4   H 10  conversion   =   (    i-  C 4   H  10 i n     –   i-  C 4   H  10 o u t       i-  C 4   H  10 i n      )   ×   100 %  










  i-  C 4   H 8  selectivity   =   (    i-  C 4   H  8 o u t       i-  C 4   H  10 i n     –   i-  C 4   H  10 o u t      )   ×   100 %  













4. Conclusions


The Ca-doped CrOx/γ-Al2O3 catalysts with a Cr loading of 10 wt% were fabricated via the one-pot method by employing Cr(OH)3 as the precursor. The results of catalytic activity tests indicated that the Ca-doped catalysts exhibited a superior catalytic performance for the dehydrogenation of the isobutane to isobutene process in comparison with the undoped catalyst. The Ca2–Cr/γ-Al2O3 catalyst with the optimum Ca doping of 2 wt% possessed the stable and highest selectivity of isobutene (>83%) under the investigation time. The introduction of the Ca element into the CrOx/γ-Al2O3 catalysts results in the optimum acid strength as well as an enhanced interaction between the active species and the support, thus leading to the improved selectivity of isobutene as well as the conversion of isobutane.
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Figure 1. The conversions of isobutane and selectivities of isobutene over different catalysts with time on stream. (Temperature: 550 °C; reactant flow rate: 40 mL min−1; catalyst mass: 5 g). 
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Figure 2. XRD patterns of the fabricated catalysts. 
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Figure 3. SEM images of the prepared catalysts. (a) C–Cr/γ-Al2O3, (b) Ca1–Cr/γ-Al2O3, (c) Ca2–Cr/γ-Al2O3, and (d) Ca4–Cr/γ-Al2O3. 
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Figure 4. The NH3-TPD profiles of the prepared catalysts. 
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Figure 5. The H2-TPR (temperature programmed reduction) profiles of different catalysts. 
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Figure 6. The TG curves of the spent catalysts. 






Figure 6. The TG curves of the spent catalysts.



[image: Catalysts 09 00968 g006]







[image: Table] 





Table 1. Structure parameters of different catalysts.
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	Sample
	SBET (m2 g−1)
	Vtotal (cm3 g−1)





	γ-Al2O3
	265
	0.43



	C–Cr/γ-Al2O3
	127
	0.35



	Cr/γ-Al2O3
	221
	0.41



	Ca1–Cr/γ-Al2O3
	213
	0.40



	Ca2–Cr/γ-Al2O3
	210
	0.39



	Ca4–Cr/γ-Al2O3
	203
	0.41
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