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Abstract

:

A novel γ-alumina-supported Ni-Ce-Zr catalyst with cellular structure was developed for oxidative dehydrogenation of ethane (ODHE). First, powdered samples were synthesized to study the effect of both the total metal content and the Ce/Zr ratio on the physicochemical properties and performance of these catalysts. All synthesized powdered samples were highly active and selective for ODHE with a maximum ethylene productivity of 6.94 µmolethylene gact cat−1 s−1. According to the results, cerium addition increased the most reducible nickel species population, which would benefit ethane conversion, whereas zirconium incorporation would enhance ethylene selectivity through the generation of higher amounts of the least reducible nickel species. Therefore, the modification of active site properties by addition of both promoters synergistically increases the productivity of the Ni-based catalysts. The most efficient formulation, in terms of ethylene productivity per active phase amount, contained 15 wt% of the mixed oxide with Ni0.85Ce0.075Zr0.075 composition. This formulation was selected to synthesize a Ni-Ce-Zr/Al2O3 structured body by deposition of the active phase onto a homemade γ-alumina monolith. The structured support was manufactured by extrusion of boehmite-containing dough. The main properties of the Ni0.85Ce0.075Zr0.075 powder were successfully preserved after the shaping procedure. In addition, the catalytic performance of the monolithic sample was comparable in terms of ethylene productivity to that of the powdered counterpart.






Keywords:


Ni-Ce-Zr; alumina cellular structure; oxidative dehydrogenation; Ethylene












1. Introduction


In recent years, the global demand for light olefins has steadily increased and this trend is expected to continue in the near future. These olefins are industrially employed as building blocks to manufacture a wide range of products, including polymers (polyethylene, polyvinylchloride) and some intermediates of strategic significance. Ethylene is particularly relevant, being one of the most consumed commodities and an indicator of petrochemical development worldwide [1].



Light olefins are currently produced by steam cracking of naphtha or ethane at temperatures above 800 °C, a process with high-energy use, low selectivity, and coking tendency. Therefore, a big research effort is being made to develop more efficient and environmentally friendly technologies. An alternative route for ethylene production is the catalytic oxidative dehydrogenation of ethane (ODHE). This exothermic reaction follows a redox mechanism by which surface lattice oxygen of a metal oxide catalyst is consumed and subsequently restored by gas-phase oxygen. The catalytic oxidative dehydrogenation of ethane does not have the thermodynamic constraints of the non-oxidative process, and the energy balance is favored by the milder operating temperatures [2]. Besides, in an oxidizing atmosphere, coke formation is minimized or directly avoided, and CO2 emission can be significantly reduced [3].



Powdered catalysts based on nickel oxide are widely reported to be active for ODHE [4,5,6,7,8,9,10,11,12]. Pure NiO is highly active, but carbon dioxide is preferentially formed [4]. Therefore, selectivity is an important issue to be considered. The addition of a high-valence cation as promoter can enhance ethylene selectivity through the reduction of unselective electrophilic oxygen species [5]. For instance, niobium and tin have been demonstrated to be able to turn the unselective nickel oxide into selective catalysts [5,6]. Other elements such as cerium or zirconium have also shown to be effective promoters for ethylene production [7,8]. Cerium incorporation into the nickel oxide network produces several structural changes, among them the formation of a Ce-Ni solid solution that restrains NiO crystalline growth [7,9]. Moreover, nickel species reducibility and their relative population are modified [10,11].



In contrast with cerium incorporation, which improves ethane conversion both in bulk and supported catalysts [7,9], the addition of zirconium strongly diminishes the activity. Nevertheless, the higher selectivity to ethylene improves the productivity if compared with the unpromoted catalyst [8,12,13]. Due to the Ni-Zr interaction, this promoter modifies the host oxide cell parameters and reducibility [8,12].



Recently, Lee et al. [14] reported enhanced ethylene productivity in Ni-Nb-O/CexZr1-xO2 composite by the promotion of lattice oxygen for Ni-Nb-O; the higher selectivity was attributed to the compensation of lattice oxygen from CexZr1−xO2 into the oxygen vacancy sites.



Another option to enhance selectivity is to disperse the nickel oxide onto a high surface area support, with the advantage of reducing the nickel content compared to bulk formulations. Alumina is an adequate support for this because the changes induced in the nickel oxide electronic structure make it selective to ethylene [4].



At the industrial scale, besides conversion and selectivity, additional parameters come into consideration. For instance, powdered catalysts with sufficiently small particle size to be efficient may not be feasible for real applications. However, this limitation could be overcome if the catalytic formulation is shaped as a structured body.



Cellular structures like foams and channeled monoliths present important advantages over randomly packed fixed bed reactors, such as high geometric surface area per volume and low-pressure drop, among others. In addition, scaling-up can be performed by replication of the structures [15]. However, the manufacture of structured catalysts is not a trivial matter because it usually requires the coating of a substrate, which may strongly influence the final catalytic behavior. For instance, the migration of elements from metallic substrates to the active phase can be negative for the catalyst performance in ODHE, while ceramic materials could enhance catalytic properties [9,16,17,18]. The first limitation can be overcome in some cases by the formation of a thin layer that acts as a barrier between substrate and catalytic layer. Besides, changing from a powder to a structured form presents numerous challenges such as obtaining good mechanical stability and adherence [19].



In this vein, Zhang et al. [20] developed a microstructured CeO2-NiO-Al2O3/Ni-foam with high mass and heat transfer rates. However, nickel foams are expensive materials to be used in the industry. Alternatively, monolithic reactors have a lower pressure drop due to their high void fraction or open frontal area (0.7–0.9) and their longitudinal channel configuration. Moreover, low-thickness catalyst layers and higher mass transfer coefficients at high gas flows than those of packed beds can be obtained.



In this context, this work reports the development of a novel structured catalyst: Ni-Ce-Zr mixed oxides deposited on a high-surface area extruded alumina monolith. The contribution compares its performance in ODHE with that of the powdered counterpart. This type of monolith was chosen to avoid the migration of different compounds that usually takes place when, for example, stainless steel structures are used. To this end, Ni-Ce-Zr/γ-alumina supported catalysts were prepared first in powder form. The incorporation of both Ce and Zr into the nickel-based formulation as promoters attempts to get a synergistic effect. Then, new γ-alumina monoliths were synthesized as cellular substrates to deposit the Ni-Ce-Zr active phase. All catalysts were exhaustively characterized by X-ray diffraction, Laser Raman spectroscopy, temperature-programmed reduction and X-ray photoelectron spectroscopy, and their catalytic performances were tested in the ODHE reaction. Special emphasis was put into obtaining high ethylene productivity using a structured catalyst, which constitutes an important issue to be solved for practical applications.




2. Results and Discussion


2.1. Characterization of Active Sites


The synthesized catalysts were identified as NixCeyZrz-MF, where x, y, and z are the relative atomic fractions of the elements, M is the total metal loading of active phase (wt%), and F indicates the alumina form: powder (P) or homemade monolith (M).



Figure 1 shows the X-ray diffractograms (XRD) of the γ-alumina-supported powder and monolithic catalysts. Those of pure γ-alumina support (powder and monolith) are also included.



The characteristic broad peaks of γ-Al2O3 are present in all patterns. Therefore, the crystalline structure of γ-Al2O3 is obtained by calcination of extruded boehmite, and it is preserved after the impregnation process. Moreover, the success of the preparation procedure to obtain a structured body with the formulation of the catalytic powder is supported by the similarity of all the diffraction peaks detected, from support and active phase, in the equivalent structured and powdered samples.



The patterns of all the catalysts studied in this work present some peaks that suggest the incipient formation of nickel oxide, NiO (2θ = 37.3°; 43.3°; 62.9°; 75.5° and 79.5°) [18]. At higher Ni loading, the main signal at 43.3° becomes sharper and better defined, showing an increase in the crystalline domain size of this phase, as observed when the total amount of active phase raises from 15 wt% to 25 wt%. At this high Ni loading, the same effect (sharper and better defined NiO peaks) is appreciated at lower Ce/Zr ratios, as a comparison between Ni0.85Ce0.11Zr0.04-25P and Ni0.85Ce0.04Zr0.11-25P diffractograms points out, which suggests that the incorporation of higher amounts of cerium contributes to NiO dispersion more than zirconium. However, the total active phase loading could have an influence in this tendency, because in the case of Ni0.85Ce0.15-15P and Ni0.85Zr0.15-15P samples, the crystallinity of the former, with Ce, is higher than that of the Ce-free Zr-containing sample.



Cerium-containing samples show the diffraction peaks of cerium oxide, CeO2 (2θ = 28.6°; 33.1°; 47.5°; 56.4°; 59.1°; 69.5°; 76.8° and 79.1°). At higher Ce contents, the peaks are more intense and the full width at half-maximum decreases due to the bigger size of the oxide crystallites. The patterns of the samples containing 15 wt%, the lower total metal loading, show less defined CeO2 peaks. The crystallite size of CeO2 in Ni0.85Ce0.15-15P was estimated by the Scherrer´s equation in 3.9 nm, whereas in Ni0.85Ce0.11Zr0.04-15P, crystalline CeO2 is not even detected.



Zirconium oxide (ZrO2) diffractions corresponding to monoclinic, tetragonal, or cubic crystalline structures were not appreciated in the Zr-containing samples. This suggests low crystallinity or high dispersion of zirconium oxide, or more probably that it was not present as a segregated crystalline phase but forming part of a solid solution.



Since ODHE reaction follows a redox mechanism, the reducibility of the samples was investigated by the temperature-programmed reduction (TPR) technique. The profiles obtained are shown in Figure 2. The broad peak of the samples containing 15 wt% of active phase must be related to at least three kinds of dispersed nickel species with different interaction with the alumina support, designated as α, β and δ, from lower to higher reduction temperatures.



The broad reduction peak of Ni0.85Ce0.15-15P sample appears in the 340–850 °C range, with maxima at ca. 420, 595, and 795 °C for the α, β, and δ species, respectively. This zirconium-free catalyst is the most reducible solid of this series. As the zirconium proportion increases, the reduction onset value shifts to higher temperatures, and therefore this promoter somehow hinders the beginning of the reduction. Besides, the maximum of the main peak (β species) shifts from 595 °C, for the Zr-free catalyst, to 640 °C, which corresponds to the Ce-free solid. In contrast, the increasingly higher area of the shoulder located at ~800 °C indicates that δ species, which are less reducible, were preferentially generated at higher Zr content.



Since Ni2+ and Zr4+ cations have similar ionic radii, it is likely that Zr is introduced into the NiO lattice forming a solid solution, in agreement with the absence of ZrO2 signals in the XRD patterns. The incorporation of zirconium into the nickel oxide lattice could make Ni2+ reduction difficult.



Temperature-Programmed Reduction (TPR) profiles of the 25 wt% catalysts show similar peaks to those of the 15 wt% counterpart, with an additional narrow peak at 340–410 °C, indicative of the presence of bulk crystalline NiO. The formation of the crystalline phase is in complete concordance with X-Ray Diffraction (XRD) results and with the NiO loading that corresponds to the dispersion of a monolayer on alumina, around 12–15 wt% [4]. The low-temperature reduction areas, associated to bulk NiO and α species, were larger in the Ni0.85Ce0.11Zr0.04-25P profile than in that of Ni0.85Ce0.04Zr0.11-25P, thus confirming the higher reducibility of the former.



In brief, the samples with higher Ce/Zr ratio are more easily reduced, and this can be related to weaker active phase/support and promoters/Ni interactions, linked to lower Zr amounts, along with a better active phase dispersion related to increasing Ce amount.



Figure 3 shows the laser Raman spectra of the powder and structured catalysts. Remarkably, the spectra, and thus the surface species interplay, are similar in the powder and structured catalysts despite the different synthesis procedures. All samples present a broad, asymmetric band centered at ~550 cm−1 assigned to the stretching of Ni-O bond [21,22]. The diminution in the Ce/Zr ratio produces a progressive shift in the Ni-O main band -from 550 cm−1 for the zirconium-free catalyst to 560 cm−1 for the cerium-free sample-, which has been linked to metal/support interactions and particle size effects [23,24]. However, a similar small shift is detected in the series containing 15 and 25 wt% loading, and thus it is not only a crystallite size effect. This supports the hypothesis of an increasingly strong interplay between the active phase and the support linked to the Ce/Zr ratio, as suggested by the TPR results.



None of the typical Raman bands of tetragonal zirconia (148, 263, 325, 472, 608, and 640 cm−1) or monoclinic zirconia (140, 173, 185, 216, 260, 301, 328, 342, 471, 500, 553, and 632 cm−1) were detected in the spectra of the synthesized catalysts (powder or monolith). This point confirms that crystalline zirconium oxide is not present, not even in the sample with a higher amount of Zr, in agreement with XRD results. Differently, at increasing Ce content in the samples, the characteristic band at 462 cm−1 of cerium oxide with fluorite-type structure appears with higher intensity in the spectra, along with two additional bands at 225 and 635 cm−1, directly related to the CeO2 lattice defects caused by oxygen vacancies and the modification of the oxygen sub-lattice [13,25,26,27,28,29,30,31].



It has been reported that the bands at 225 and 635 cm−1 point out the formation of a Ni-Ce-O solid solution [13], but in these samples they could also indicate that part of the zirconium is present as a Ce-Zr-O solid solution.



According to the model proposed by Kosacki et al. [26], the size of ceria crystallites can be estimated from Raman spectra, being it inversely proportional to the width at half maximum (FWHM) of its main signal located at ~465 cm−1. The calculated size for the Ni0.85Ce0.15-15P catalyst is ~2.6 nm, only slightly smaller than the size calculated by Scherrer’s equation from XRD pattern (3.9 nm), which is again evidence of very small crystalline domains. The reason for the difference in the calculated values from both techniques was explained elsewhere [18]. When the amount of incorporated cerium diminishes, the crystallites are even smaller, and therefore the signal broadens, and its intensity quickly decreases, rendering the size calculation impossible.



Figure 4 shows the X-ray photoelectron spectra (XPS) of Ni 2p3/2. The main signal is located at binding energy (BE) values ranging from 856.1 to 856.6 eV, higher than that of the unsupported nickel oxide (854.0 eV) [32], thus demonstrating the presence of Ni2+ dispersed on the surface [33,34].



The spin-orbit splitting value, i.e., difference in BE between the main signals of Ni 2p3/2 and Ni 2p1/2, is indicative of the state of Ni species. This value is reported to be 18.6 eV for NiO, and lower if the nickel species are present in the surface as aluminate-type, i.e., strongly interacting with the alumina support [4]. The calculated value for each powder catalyst is around 18.0 eV. This strengthens the hypothesis about the strong interaction between Ni species, the support and the promoters that was already inferred from TPR and Raman characterization.



From the XPS results the Ni/Al atomic ratios for the 15 wt% powder catalysts were calculated. They varied from 0.04 to 0.06, showing the highest Ni/Al ratio for the Ni0.85Ce0.11Zr0.04-15P formulation. These values are lower than the theoretical ones for this amount of active phase (Ni/Al = 0.13), confirming that a considerable amount of Ni is strongly interacting with the support forming highly dispersed nickel aluminate-type species.



XPS peaks of Zr 3d5/2 and Zr 3d3/2 in the zirconium-containing samples appear at 182.0 and 184.2 eV, respectively (not shown). The slightly lower BE values than those reported for ZrO2 (182.6 and 184.9 eV) [35] are probably related to the interaction of zirconium with the active phase and support by different Zr surroundings. The interplay between cerium and zirconium species is supported by the better resolution obtained in Zr XPS peaks when cerium is present [35]. The signals of Ce 3d5/2 in the 870–895 eV region could not be properly fitted since they overlapped with those of Ni 2p1/2.




2.2. Catalytic Performance in ODHE: Powder and Monolithic Catalysts


First, the influence of the support in the catalytic performance of the samples was evaluated by measuring the activity of pure γ-alumina powder under the same reaction conditions as the samples containing the active phase. At these conditions, the support is practically inert for ODHE, with conversion values lower than 4% at 500 °C and negligible selectivity to ethylene (data not shown). In addition, CO2 was the main reaction product.



Then, the performance of the powder and the cellular catalyst prepared with the optimal composition was measured: ethane conversion vs. temperature is presented in Figure 5, selectivity to ethylene vs. conversion in Figure 6, the compared evolution of conversion and selectivity with the promoters ratio in Figure 7, and ethylene productivity in Figure 8.



Figure 5 shows ethane conversion as a function of temperature with a catalyst weight to flow rate (W/F) ratio of 0.48 g s cm−3. All catalysts were highly active (30–40% conversion at 450 °C) except for the cerium-free powder, Ni0.85Zr0.15-15P, which showed a markedly lower ethane conversion, 11% at 450 °C. This poor activity could be reasonably explained in the light of the characterization results that indicated a strong active phase/support interaction and a hindered reducibility. In addition, the Ni/Al ratio determined by XPS for this sample was the lowest.



Ce is a better activity promoter than Zr because higher Ce/Zr ratios result in higher conversion values. However, there is a synergistic effect when both promoters are present, since the conversion of the sample with the maximum Ce content, i.e. without Zr, significantly drops. Therefore, the highest conversion, an interesting 40% at 450 °C, is obtained with Ni0.85Ce0.11Zr0.04 atomic proportion. It is significant to mention that this powder showed the highest Ni/Al ratio on the surface.



By increasing the total metal loading from 15 to 25 wt% the catalyst performance is improved to some extent. Ethane conversion increased from ~31% to ~35% at 450 °C for the lowest Ce/Zr atomic ratio, but the effect was negligible for the other analyzed promoters ratios. Heracleous et al. reported analogous results for unpromoted powdered samples [4].



The synergistic effect of Ce and Zr promoters in the catalyst is related to the oxygen storage capacity and the transport of oxygen inside the solid structure, fundamental properties for the ODHE reaction, with a redox mechanism [2]. Under reaction conditions, the surface lattice oxygen is consumed and the active sites are reduced to allow the formation of products. Then, the sites are re-oxidized with gas-phase oxygen to restore the initial state. According to the literature, the partial replacement of Ce by Zr produces a Ce-Zr mixed oxide with enhanced properties to transport oxygen [36,37]. The incorporation of elements like Zr4+ into the CeO2 lattice strongly affects the ceria redox properties by increasing its oxygen mobility and storage capacity, even in the presence of nickel or alumina [37,38,39,40,41,42].



Figure 6 shows the selectivity to ethylene as a function of ethane conversion obtained with different W/F values at 400 °C. The selectivity to ethylene is between 60% and 90% for ethane conversion up to 30%. As a general trend, selectivity decreases at higher conversion, a typical behavior of consecutive catalytic reactions in which the final hydrocarbon product (ethylene) is oxidized.



Samples with higher total loading of active phase (25 wt%) have a slightly less marked decrease, suggesting that ethylene oxidation is favored at lower loadings. For a given active phase composition, the selectivity obtained with 15 wt% samples is higher, an effect that can be related to crystallite sizes of NiO.



Zr is a better selectivity promoter than Ce because the cerium-free solid displayed the highest selectivity values, near 90% at low conversion. In addition, at a given conversion, reduced Ce/Zr ratios favor ethylene formation. This effect is exemplified comparing Ni0.85Ce0.15-15P and Ni0.85Ce0.04Zr0.11-15P catalysts. The conversion values are similar (Figure 6), but the selectivity is remarkably increased in the sample with Zr (ca. 15% points), raising for instance from 70% to 85% at low conversion (Figure 6). López Nieto et al. had also observed this behavior for two different Ce/Zr ratios in bulk catalysts [43].



Figure 7 summarizes the effect of the promoters on the catalytic behavior of Ni-based catalysts for the powder samples with 15 wt% metal loading. The graph shows the beneficial effect of Zr promoter on the selectivity to ethylene. The optimal ratio of promoters for Ni-based catalysts on the catalytic performance in ODHE was Ce:Zr = 50:50, at which the product between selectivity and conversion shows a maximum value.



In this vein, ethylene productivity was calculated to assess the global performance of the prepared catalysts. This value takes into account the ethane conversion as well as the selectivity to ethylene. In Figure 8 the productivity of the powdered and monolithic samples with the optimized composition, 6.94 and 6.25 μmolethylene/gact cat s, respectively, referred to the weight of active phase, is compared with very recent literature values for ODHE catalysts [14,20,44].



The Ni0.85Ce0.075Zr0.075-15P catalyst reached the highest yield. Besides, the performance of the powder sample is only slightly better than that of the monolithic counterpart Ni0.85Ce0.075Zr0.075-15 M.



It is worth to mention that the stability of the most efficient catalysts under powder and cellular forms was monitored during 12 h of operation. Ethane conversion and selectivity to ethylene were not significantly modified. Thus, no activity decay was produced due to the satisfactory stability of these analyzed systems.



In the light of the results obtained, the beneficial effect of zirconium on the catalytic performance of the cerium-promoted nickel catalyst could be linked to the formation of a cerium-zirconium solid solution. The presence of Zr has been proven to induce modifications in the active phase/support interplay and the nickel surroundings (TPR, Raman, XPS). The modified active sites are more active and also more selective. The reduction profiles of the zirconium-containing catalysts showed a smaller area of the α species, the ones with a lower interaction with the alumina support. Therefore, the relative amount of these species seems to have a direct effect on the selectivity. A certain amount of zirconium in replacement of cerium not only leads to a significant improvement of the catalytic activity (25%) but also of the selectivity to ethylene.





3. Materials and Methods


The prepared catalysts were designated as NixCeyZrz-MF, where x, y, and z are the relative atomic fractions, being x+y+z = 1. Moreover, M is the total metal loading of active phase (wt%), and F indicates the alumina form: powder (P) or monolith (M).



In all cases, a promoter/nickel atomic ratio (Ce+Zr)/Ni was equal to 0.17, as determined in previous studies for NiCe/γ-Al2O3 [9,16].



3.1. Preparation of Powder Catalysts


NiCe, NiZr, and NiCeZr catalysts supported on γ-Al2O3 (Puralox® SBA 230, SASOL, Hamburg, Germany) were prepared by wet impregnation with total metal loadings of 15 wt% or 25 wt%. The active phases were incorporated by co-impregnation from solutions of nitrate salts (0.5 M). Then, the samples were dried at 120 °C for 8 h and finally calcined at 500 °C for 2 h.




3.2. Preparation of Cellular Catalysts


Open channel γ-alumina monoliths with a cylindrical shape were prepared by extrusion. Commercial boehmite (Pural® SB1, SASOL, Hamburg, Germany), deionized water and temporary additives were mixed to form a paste with the required rheological properties. Once extruded, the monoliths were dried at room temperature and then calcined at 600 °C for 4 h (Figure 9a).



The active phases were incorporated by impregnation. The monoliths were immersed in the solution of nitrate precursors and then dried overnight at 120 °C. Finally, they were calcined at 500 °C for 2 h (Figure 9b). For comparative reasons, the amount of active phase incorporated (total metal loading per alumina, wt%) was similar in monolith and powder forms. Figure S1 shows that the components were spread homogeneously onto the substrate.




3.3. Catalysts Characterization


Crystalline phases were studied by X-ray diffraction (XRD) with a Phillips PW1710 diffractometer (Phillips, Almelo, Netherlands) operated in 2θ range from 20° to 85° with a scan rate of 1° min−1. Cu-Kα radiation was employed (45 kV voltage and 30 mA current).



Temperature-Programmed Reduction (TPR) experiments were performed employing a Micromeritics Autochem II instrument (Micromeritics, Norcross, GA, USA) with a mixture of 5% H2/Ar as reducing gas. The heating rate was 10 °C min−1 from room temperature to 900 °C.



Laser Raman (LRS) spectra were obtained with a LabRam instrument (Horiba Jobin Yvon, California, CA, USA) coupled to an Olympus confocal microscope, with solid state Laser and CCD-type detector cooled to −70 °C by the Peltier effect (wavelength = 532.13 nm, Laser power = 30 mW, magnification = 100 X). Several sectors of each sample were examined to ensure reproducibility.



X-ray photoelectron spectroscopy (XPS) measurements (SPECS, Berlin, Germany) were performed in a multitechnique equipment with a dual Mg/Al X-ray source and a hemispherical PHOIBOS 150 analyzer operating in the fixed analyzer transmission (FAT) mode. The spectra were obtained with a pass energy of 30 eV and Mg-Kα X-ray source power of 200 W. The pressure in the analyzing chamber was less than 1 × 10−9 mbar. The spectral regions corresponding to Ni 2p, Ce 3d, Zr 3d, O 1s, and C 1s core levels were recorded for each sample. The C 1s signal at 284.6 eV was considered as reference. Peak fitting was performed with the CASAXPS software. The peak areas were determined by integration, employing a Shirley-type background. Peaks were considered as a mixture of Gaussian and Lorentzian functions.



Scanning Electron Microscopy (SEM) and Elemental chemical analysis (EDX, mapping) were performed using a SEM-EDX Phenom ProX instrument (Phenom World, Eindhoven, Netherlands) operated at 15 kV of acceleration voltage. The results were obtained by the theoretical quantitative method (SEMIQ), which does not require standards.




3.4. Catalytic Tests


Catalytic tests were carried out in a flow system operated at atmospheric pressure. The inlet gas composition was 6% oxygen, 6% ethane and helium as balance gas. The analysis of reactants and products was performed with a gas chromatograph Shimadzu GC 2014 (Shimadzu, Kyoto, Japan) equipped with a packed column (HayeSep D) and a thermal conductivity detector (TCD). Carbon monoxide was not detected in any chromatogram obtained from the evaluation of the catalysts. Oxygen never reached complete conversion. Closure of the carbon mass balance was 100 ± 3%.



Two series of experiments were performed. The first one was conducted at variable temperature with a W/F ratio of 0.48 g s cm−3 and a total gas flow of 50 cm3 min−1. In the second set of experiments, different W/F ratios were employed, at a fixed temperature of 400 °C.



The downstream gas composition was measured after 1 h to ensure that the reaction steady state was achieved. The product analysis at each temperature was repeated rigorously three times, with intervals of 30 min.



On the other hand, the reaction experiments were performed three times for the different set of catalysts corresponding to each catalytic formulation. The conversion and selectivity so obtained were almost the same in all cases, considering an experimental error below 5%.





4. Conclusions


A novel Ni0.85Ce0.075Zr0.075/γ-Al2O3 cellular catalyst was obtained by the impregnation of an alumina monolith, which was successfully prepared by extrusion and acted simultaneously as substrate and support. The Ni:Ce:Zr molar ratio was adjusted after a careful set of synthesis and catalytic evaluations of powdered catalysts.



NiO and CeO2 crystalline phases were identified in the powdered samples by XRD depending on the total metal amount and the proportion of promoters.



TPR characterization indicates that the presence of Ce weakens the strong interaction of nickel-zirconium species with the alumina. Furthermore, the incorporation of Zr improves the active phase-support interaction, decreasing in this way the reducibility of Ni.



A fraction of Ni forms a solid solution with Ce (Ni-Ce-O) according to Raman spectroscopy results. This phase may also contain zirconium ions, since their presence was detected by XPS, but segregated zirconium oxide was not identified with the characterization techniques employed.



All formulations were highly active and selective in the oxidative dehydrogenation of ethane with a maximum ethylene productivity of 6.94 μmolethylene gact cat−1 s−1. In this respect, the addition of cerium increases the population of the most reducible nickel species, which would benefit ethane conversion. Meanwhile, the incorporation of zirconium would boost ethylene selectivity through the generation of higher amounts of the least reducible nickel species. Therefore, the partial replacement of cerium by zirconium changes the characteristics of the active sites, thus increasing the global efficiency of the Ni-based catalysts. Besides, it is likely that the formation of Ni-Ce-(Zr)-O phase generates catalysts with optimized properties. A clear synergistic effect between Ce and Zr was verified.



The most efficient powder formulation, Ni0.85Ce0.075Zr0.075-15P, was effectively reproduced under a novel structured form through the development of an alumina monolithic substrate. The active phase/support interactions and the main features of the active sites were successfully preserved in the structured system, which showed similar ethylene production to that of the powdered form. Besides the advantages of being a structured catalyst, the novel system presented here shows productivity values among the best reported so far (by active phase amount), which makes it a promising catalyst for practical applications.
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The following are available online at www.mdpi.com/2073-4344/7/11/331/s1, Figure S1: SEM micrographs of the cellular catalyst and distribution of the elements (mapping).
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Figure 1. X-ray diffractograms of powder and structured catalysts. 
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Figure 2. Temperature-programmed reduction profiles of the powder catalysts. 
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Figure 3. Laser Raman spectra of powder and structured catalysts. 
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Figure 4. X-ray photoelectron spectroscopy (XPS) spectra of the Ni 2p3/2 region for the 15 wt% powder catalysts. 
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Figure 5. Ethane conversion as a function of temperature of the powder and structured catalysts. Reaction conditions: T = variable, W/F (catalyst weight to flow rate) = 0.48 g s cm−3, C2H6/O2 = 1. 
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Figure 6. Selectivity to ethylene as a function of ethane conversion of the powder and structured catalysts. Reaction conditions: T = 400 °C, W/F (catalyst weight to flow rate) = variable, C2H6/O2 = 1. 
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Figure 7. Ethane conversion (○) and ethylene selectivity (◊) at 450 °C as a function of Ce/(Ce+Zr) atomic ratio. 






Figure 7. Ethane conversion (○) and ethylene selectivity (◊) at 450 °C as a function of Ce/(Ce+Zr) atomic ratio.



[image: Catalysts 07 00331 g007]







[image: Catalysts 07 00331 g008 550] 





Figure 8. Ethylene productivity at 450 °C (* at 400 °C) for some recent Ni-based catalysts reported in the literature for the oxidative dehydrogenation of ethane. References [14,20,44]. 
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Figure 9. Pictures of alumina monolithic substrate (a) and structured catalyst (b). 
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