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Supported catalyst for autothermal reforming of methane

WHEC 16 / 13-16 June 2006 – Lyon France 4/6 The composition of the product gas (dry gases) is shown in Table 1. Hydrogen concentration (63 - 65 %) is higher compared to data published by Lee et al. (42 % H2) [15], as nitrogen dilution was avoided. It should be noted that the CO concentration of 5 % is comparable to the low. This can be attributed to the high steam-carbon ratio (H2O/CH4) of 3, which
increases the activity of changing water gas and the comparable low temperature. Low carbon monoxide is beneficial with regard to the fuel gas refinery for PE fuel cell applications [17]. Table 1: Composition of dry gas. Input power(kWth) WHSV (h-1) GHP (h-1) CH4()CO2(%) CO (%)H2(%) 1.09 119 14095 10.618.55.2 65.40.97 105 12474 11.118.65.2 65.00.84 91 133 49 11.918.94.9 64.20.73 80 9474
12.919.14.6 63.3 Conditions of action: pabs = 0.21 MPa, O/C = 0.89; S/C = 2.9. The results obtained for different reaction conditions are summarized in Table 2. The efficiency of the autothermal reform (RE) can be defined as the ratio between the lower heating value (LHV) of the hydrogen produced and the LHV of the fuel used [9]. Because RE depends on methane conversion, a specific reform efficiency
(RE* = RE/XCH4) has also been calculated. Table 2: Results of autothermal catalytic partial oxidation on a monolith catalyst coated with Ru. Input power(kWth) WHSV (h-1) GHSV(h-1) O/C S/C XCH4/(%)YCO(%) YCO2(%)YH2(%) RE(%) RE*(%) 0.84 94 11114 0.893.0060.3 10.6 46.3 48.9 44.273.70.84 92 11031 0.793.0257.9 9.0 44.5 48.5 43.975.80.84 91 10995 0.693.0551.8 6.8 41.1 44.1 39.977.00.84
112 13349 1.003.8470.6 11.9 54.8 59.1 53.475.60.84 111 13243 0.893.8565.2 9.6 50.7 54.7 49.475.70.84 108 13037 0.793.8259.7 8.0 46.9 50.7 45.976.90.84 107 12949 0.693.8351.9 5.8 42.0 44.0 39.176.71.09 119 14095 0.892.9070.3 14.6 51.7 60.8 55.078.20.97 105 12474 0.892.8969.7 14.2 50.7 59.1 53.476.60.84 91 10824 0.892.8967.7 13.2 51.3 58.2 52.677.70.73 80 9474 0.892.9165.3 12.3 51.7
57.0 51.578.9XCH4: Methane conversion, YCO; YCO2; YH2: Yields CO, CO2, H2, S/C = H2O/CH4, O/C = 2*O2/CH4RE: Reform efficiency (RE = LHV oh H2 product / LHV methane supplied) x 100. RE*: Specific reform efficiency (RE* = RE / XCH4) x 100. All experiments were conducted at a total pressure of 0.21 MPa. C, H, O balances: 0.96 - 1.02. The production of methane synthesis gas is an
important process of conversion of natural gas, one of the most afbested and cleanest fossil fuels, into high-quality value-added liquid products (Gas-to-liquid technology, GTL). Steam reformation (SRM) was the preferred technology for industrial production of methane synthesis gas to produce ammonia or methanol (Rostrup-Nielsen et al., 2002; Navarro et al., 2007a,b). However, SRM is a highly energy-
intensive process (Equation and more energy-efficient alternatives are sought to produce synthetic gas. CH4+ H2O-CO+3H2 ρH298K0= + 206 kJ/mol (1) Among alternatives, alternatives, for the production of methane synthesis gas (CPOM) is more energy efficient because it has rapid kinetics and is exothermic, thus avoiding the need for large reactors and large amounts of overheated steam (Bharadwaj
and Schmidt, 1995). In addition, OPC stoichiometry [Equation 2] produces a synthesis gas with an H2/CO ratio of 2:1, which allows its direct use for the synthesis of methanol or fischer-tropsch without further adjustments. Partial catalytic oxidation of methane in singais is a challenge due to the difficulty of controlling the selectivity of the reaction to total combustion. Several studies have been carried out in
the literature to describe the reaction mechanism involved in CPOM and two reaction mechanisms have been proposed (Dissanayake et al., 1991; Hickman and Schmidt, 1992): the direct mechanism, in which CH4 and O2 react on the surface of the catalyst to produce CO and H2, and the combustion reform mechanism, in which CH4 and O2 first react to the h2O and CO2 form and then, with excess
methane, the dry reformation of CO2 [Equation 3] and the steam reformation [Eq.4] produce final CO and H2. Due to excessive temperature gradients at a high conversion rate, the exothermic nature of the reaction and rapid deactivation due to carbon deposition on the catalyst surface, the development of effective catalysts for CPOM was a challenge. NPs of noble metals (Pt (Ji et al., 2001), Rh
(Ruckenstein and Wang, 1999; Puolakka and Krause, 2007), Ru (Ashcroft et al., 1990), Pd (Vernon et al., 1990)] and non noble metals (mainly Ni and Co (Wang and Ruckenstein, 2001)) supported by various oxide substrates were studied in the CPOM reaction. Nickel is one of the most used active phases for CPOM (Miao et al., 1997; Ostrowski et al., 1998; Takehira et al., 2004; Wang et al., 2004).
Compared to noble metals, nickel is cheap, but suffers from deactivating on the flow as a consequence of several processes, such as sintering, carbon deposition (Claridge et al., 1993) or solid reactions of nickel with substrate. From the large working body developed on the reaction of the CPOM, it is clear that the activity and stability of nickel catalysts depend on both the active phase and the support. The
size of the metal particles has been shown to be an important factor for the initial intrinsic activity and the deactivation rate, both decreasing with the increase in the size of the active metal particles (Barbier and Marecot, 1986; Barbier, 1987). The influence of support on the performance of Ni-based catalysts has been widely studied in literature (Tsipouriari et al., 1998). Non-reducible Al2O3 is one of the
most studied oxides as support for Ni catalysts due to its thermal stability and high ability to disperse Ni nanoparticles (NP) (Hu and Ruckenstein, 1998; Ostrowski et al., 1998; Zhang et al., 2000); However CPOM reaction is limited due to the relatively high deactivation of PNNs formation of coke deposits (Lu et al., 1998). Magnesium oxide is another widely studied non-reductible medium to disperse stable
ni particles (Choudhary et al., 1998a; Ruckenstein and Hu, 1999; Nishimoto et al., 2004). In this case, the formation of a solid solution between nickel and magnesia (Mg1−xNixO) allows only the reduction of a small fraction of nickel that remains in close interaction with the basic MgO substrate, favouring this structure for the production of syngas by high-activity CPOM (Requies et al., 2005). Lantan oxide
was also used as a support for Ni catalysts (Tsipouriari et al., 1998; Nishimoto et al., 2004). For Ni/La2O3 catalysts, good stability has been reported and an enhanced metal support interface has been assigned, as nickel NPs are decorated with La2O2CO3 species that promote coke gasification. Reducible supports (CeO2, ZrO2) have also been studied as active and stable nickel particle dispersion
systems for CPOM. CeO2 is known for its ability to improve the dispersion and stabilisation of small nickel NPNs and for its high oxygen storage/transport capacity, which allows the continuous removal of carbonaceous deposits from active sites (Choudhary et al., 1993; Diskin et al., 1998). In addition, under reduced conditions, the effect of SMSI (Interaction with the support of strong metals) could be
observed on the wax, which in turn affects the stability and activity of nickel-dispersed particles (Trovarelli, 1996). Zirconia is another medium that shows interesting properties for the dispersion of active and stable NPs ni NPs. However, the application of ZrO2 for the CPOM reaction is questionable, as this support decreases the availability of oxygen participating in CPOM directly to the synthesis gas,
leading to a decrease in activity (Pompeo et al., 2005). Incorporating a second metal into Ni-based catalysts is a common practice designed to improve catalyst stability. The beneficial effect of adding small amounts of precious metals, such as Ru, Pt, Pd, Ir and Rh, to a Ni catalyst, has previously been demonstrated (Tomishige et al., 2002). Rh is one of the most promising metals (Tanaka et al., 2010a).
The improvement was explained in terms of H-spillover from noble metal to non-noble metal, helping the non-noble metal surface to remain metallic (Chen et al., 1997). After mentioned above, Ni effective catalysts for the CPOM reaction require control over the electronic and structural properties of np nickel, which could be achieved by carefully selecting the support and synthesis procedure. In this
context, the main objective of this paper is to study the influence of different media (Al2O3, CeO2, La2O3, MgO, ZrO2) with different textural and surface properties (basic, reducibility) on the activity, and stability of Ni-based catalysts for CPOM reaction to atmospheric pressure. Two different synthesis methods were used: (I) impregnation on different different (II) solid reaction. The influence of a small
amount of Rh on the reducibility and reactivity of catalysts was addressed. Using different characterization techniques, we will establish structure-activity relationships that indicate the properties of the catalyst that determines its reactivity and thus give us a way to improve the catalytic performance of systems. Ni catalysts were characterized by X-ray diffraction, nitrogen adsorption-desorption, programmed
temperature reduction, X-ray photoelectron spectroscopy, oxygen-pulse chemosorption, electronic transmission microscopy and Raman spectroscopy. The evolution of the structure and morphology of catalysts is reported and correlated with its catalytic performance. Catalyst preparation materials and methods Prepared by impregnation of Ni commercial media (5% weight) catalysts supported on
commercial Al2O3 (Johnson Matthey, 99.97%), CeO2 (Johnson Matthey, 96%), La2O3 (Fluka Chemika, 99.98%), MgO (Fluka Chemika, &gt;98%) and ZrO2 (Johnson Matthey, 99.5%) prepared by wet impregnation. First, the supports were thermally stabilized by calcination at 850°C over 3 hours. They were then sifted between 212 and 425 μm. The corresponding amount of Ni(NO3)2•6 H2O (Aldrich
Chemie) was dissolved in distilled water. Each holder has been impregnated with this solution by rotary evaporation (70°C, 1 h). Then the obtained solid was dried at 110°C for 2 hours and charred at 500°C for 3 h. Catalysts prepared by the solid reaction RhNi Catalysts (0.1% Rh, 10% Ni, weight), supported by Al2O3, CeO2, La2O3, MgO, and ZrO2, were prepared by mixing and grounding in a mortar
agate the corresponding quantities of Ni(NO3)2•6H2O (test &gt; 98.5%, Aldrich) and support cation nitrates (Mg(NO3)2•6H2O (Scharlau, 98%), La(NO3 2•6H2O (Johnson Matthey, 99.9%), Al(NO3)3•9H2O (99.997% Sigma Aldrich), Ce(NO3)3•6H2O (Matthey, 99.5%) and ZrO(NO3)2•xH2O and 99.9 respectively). Since the amount of Rh is very small, the method of incorporation of this element was based
on the dissolution of the corresponding amount of dicarbonyl (acetilacetone) Rh(I) (Rh(CO)2acac) (Sigma Aldrich, purum) in acetone and on the addition of this solution in a dropwise way to the mixture of nickel nitrate powder and suitable support cathion nitrate, eliminating it well with a spatula. Then each mixture was dried at 110°C for 2 hours and charred at 500°C for 3 hours. Finally, the samples were
ground and sifted between 212 and 425 μm. Characterization Techniques The X-Ray Difffraction XRD models were recorded on a Seifert 3000 powder diffractometer using Kα radiation (α = 0.15418 nm) generated at 40 kV and 40 mA. Scans were recorded at a rate of 0.02°/s for diffraction angles between 10 and 90°. N2 The properties of adsorption-desorption isotherms were assessed by adsorption-
desorption N2 of samples recorded at liquid nitrogen temperature with a Micromeritics ASAP2000 apparatus. The samples were degassed at 150°C below Overnight. Certain areas were calculated by applying the BET method. Prior to the reduction experiments, the samples (approximately 30 mg) were heat-treated under air to 300°C to remove moisture. TPR profiles were obtained by heating samples at a
flow rate of 10% H2/Ar (50 mL/min) from 25 to 800°C with a linear rate of 10°C/min. Oxygen chemosorption capacity The chemisorption capacity was determined by chemosorption with o2-pulse. First, the catalyst sample (60–70 mg) was inserted into a U-pick reactor and heated to 500°C in argon, maintaining this temperature for 15 minutes. The temperature was then lowered to room temperature and the
sample was reduced below an H2/Ar (10% H2) to 750°C in 60 minutes. Eventually, the carrier gas was changed to helium, and once the baseline was stabilized, the O2 pulses were injected until the peaks detected by O2 showed the same area. X-Ray Fotoelectron Spectroscopy To extract information about the chemical state and composition of Ni-supported samples, XPS measurements were purchased
using a monochromatic X-ray source (Al Kα, 1486.6 eV) operating at 200 W and a hemispheric electron analyzer (Phoibos 100, SPECS GmbH). The high-resolution data were obtained with a passing energy of 18 eV. CasaXPS software was used to analyze the data. The Photoelectronic X-ray spectra of rhNi samples were recorded on a VG Escalab 200R spectrometer equipped with a hemispheric
electron analyzer and Mg Kα (h•α = 1253.6 eV) X-ray source (12 kV and 10 mA). The powder samples were degassed at 150°C for 1 hour before being transferred to the analysis chamber. The loading effects on the samples were corrected by attaching the binding energies of the C1s peak to 284.9 eV due to accidental carbon. This reference gave binding energy values with an accuracy of ±0.1 eV. The
data was treated with XPS peak software. The spectra were decomposed with the smallest squares mounting routine using the Gaussian/lorentzian functions after decreasing Shirley's background. The Raman spectra of the samples were recorded in the air under ambient conditions (being samples hydrated by air humidity), using a single renishaw monochromator inVia 1000 system equipped with a
thermoelectric cooled CCD detector and super-Notch holographic filter. The samples were excited at 535 nm (1800 lines/mm). Catalytic activity tests The catalytic behaviour of the various catalyst precursors for partial oxidation of methane in singas has been studied under atmospheric pressure at 750°C using a fixed stainless steel bed reactor (length = 150 mm, inside = 9 mm) placed inside a hinged
furnace. Catalysts (100 mg) were subjected to a prerotation below 50 mLN/min of H2/N2 (10% H2, molar) for ni-supported samples or below N2 flow at 750°C for 1 h for Samples supported by RhNi before the reaction. The reactors were then fed to the reactor (22.6 mLN/min N2, 6 mLN/min O2 and 12 mLN/min CH4). The reaction stream was analysed online by gas chromatography (Varian 45-GC) with a
thermal conductivity detector, equipped with a molecular sieve 5A (CP7538) to separate H2, N2, CH4 y CO and a PoraBOND Q column (CP7354) to separate CO2 and H2O with a thermal conductivity detector. Argon was used as a carrier gas to increase sensitivity for H2 detection. Methane conversion, CO selectivity, H2 yield and H2/CO ratio were defined as follows: CH4conversion (%)= molar flow CH4
(input)−CH4 molar flow (output)CH4 molar flow (input) · Molar yield 100 H2 (%)= Molar flow H2 (egg)2• Molar flow CH4 (entry) · 100 CO selectivity (%)= molar flow CO (oil)Molar flow CH4 (input)−Molar flow CH4 (output) · 100 H2CO(molar ratio)= H2molar flow (oil)Molar flow CO (exit) Results and discussions Catalysts were analysed before reaction (section Physico-chemical characterization of calcinated
and reduced samples) of XRD, Adsorption-desorption N2 at −196°C, TPR and XPS and after reaction (section Physico-chemical characterization of catalysts used) of XRD, Raman spectroscopy and XPS. Finally, the results of the activity tests are presented and discussed (activity tests section). Physico-chemical characterization of calcinated and reduced samples Structural properties X-ray diffraction
models of nickel-supported catalysts, prepared by the moisture impregnation method and acquired after calcination (before reduction) are described in the first line of Figure 1. These charts show the diffraction lines corresponding to each media (Al2O3: 00-048-0367; CeO2, cubic phase: 01-075-0076; La2O3, hexagonal: 01-074-2430; MgO, cubic phase: 01-075-0447 and monoclinic ZrO2: 01-078-1807).
The crystallity of the supports is very different, being higher for the catalyst supported by the MgO. Only for catalysts with wax and zirconium support it is possible to distinguish the main diffraction line related to NiO crystallites (cubic phase (01-073-1519), corresponding to the diffraction plane (200). Applying the Scherrer equation measured an average range of NiO crystals (Table 1). On the other hand,
the crystalline domains differ between the different supports, although they are smaller and quite similar for alumina and lanthana catalysts. Figure 1. XRD samples of Ni (impregnated preparations) and RhNi (solid reaction preparations) (NiO (01-073-1519): *; Ni0 (00-001-1258): • CeO2−x (00-049-1415): □). Table 1. Average domain dimensions for calcined samples (before reduction) prepared by
impregnation (determined by the Scherrer equation). For Ni/MgO and Ni/Al2O3 catalysts, the peaks corresponding to nickel oxide overlap with those corresponding to the respective supports. in the Ni/La2O3 catalyst, the built-in NiO reacts to the surface of La2O3 to form a LaNiO3 phase (00-012-0751), whose overlap with those corresponding to La2O3. On the other hand, for the Ni-MgO sample, the
formation of a solid NiO-MgO solution cannot be eliminated because their diffraction lines coincide with those of mgO. The Rh-Ni/Al2O3 catalyst prepared by impregnation has a diffractogram similar to that of the Ni/Al2O3 catalyst (not shown). To determine the size of nickel and rhodium particles, the Rh-Ni/Al2O3 catalyst was reduced in accordance with the same activation procedure used for activity tests
and studied by STEM, Figure 2. Rh NP appear as finely dispersed particles with an average size of less than 1 nm. Ni NPs are also observed and have larger sizes (average around 8 nm). Figure 2. STEM micrographs from the Rh-Ni/Al2O3 sample prepared by impregnation. In addition, xRD models of our catalysts were recorded, prepared by solid reaction. The XRD models of the charred ones (before
the reduction) are shown in Figure 1 (line 2). As regards the catalysts prepared by impregnation, diffraction lines are assigned mainly to the corresponding media. In the case of the catalyst supported by lanthana, the formation of the LaNiO3 phase cannot be eliminated. For the catalyst supported on magnesia, the corresponding MgO diffraction lines and a solid Ni-Mg-O solution cannot be distinguished
because of their strong overlap (Arena et al., 1996). The formation of the solid solution Ni-Mg-O is due to the relatively high calcination temperature used in the preparation of the catalyst. As regards the zirconium-supported catalyst, for this method of preparation, zirconium crystallizes in the tetragonal phase. Rh reflections were not observed, so it was expected from the very small crystalline size. With
regard to the presence of crystalline nickel species, only in the case of the catalyst supported on CeO2 it was possible to observe a small diffraction line of the plane (2 0 0) of NiO. The crystallity of the catalysts has changed considerably; higher for the MgO-supported catalyst and lower for the Al2O3-supported catalyst. The XRD diagram of this last catalyst indicates its amorphous nature, as the
calcination temperature was not high enough to obtain a crystalline structure of the alumina. The temperature range required for the gamma phase of alumina is 600–875°C (Sathyaseelan et al., 2013). The Scherrer equation has been applied to these X-ray diffraction diagrams, and the average dimensions of the different crystalline phases are shown in Table 2. For these calcinated samples, prepared by
solid reaction, the average size of the range between the different media did not change as much as that which occurred for the calcined samples prepared by impregnation of the commercial media. In addition, it is worth noting that the crystalline domains of NiO, if observed, were smaller than those for samples prepared by impregnation of commercial media (Table 1). Table 2. Average domain
dimensions for charred samples (before reduction); reduction); catalysts and catalysts reduced after the prepared reaction reaction in solid state. This figure also shows the XRD models of reduced catalysts (Figure 1, line 3). Diffraction lines essentially correspond to those of the supports. In the case of the lanthana-supported catalyst, the XRD profile consists of overlapping lines of La2O3, La2NiO4
(tetragonal, 01-079-0953) and La(OH)3 (hexagonal, 01-083-2034) as a result of the strong interaction between nickel and lanthana (Pantaleo et al., 2015). For the catalyst supported on alumina and lanthana only, the low-intensity peaks assigned to The Ni metal can be distinguished (at 51.8°, plane (200)). On the other hand, the diffraction lines assigned to NiO are observed in the wax-supported samples
indicating that at least part of the nickel phase cannot be reduced. Textural properties Nitrogen adsorption-desorption isorption-desorption of catalysts accepted by Ni and Rh-Ni are shown in Figure 3, and the surfaces are summarized in Table 3. These isotherms, which are type IV, are attributed to mesoporous materials. All isotherms display an H3 hysteresis loop, indicating that the catalysts contain a
mesoporous network of slit pores. In the relative pressure range of 0.7–1, the loop comes from larger and usually disordered interparticle pores (Sing et al., 1985). Figure 3. Adsorption-desorption n2 isotherms of calcinated samples (Ni catalysts, prepared by impregnation and Rh-Ni catalysts prepared by solid reaction). Table 3. BET surfaces of commercial media, ni calcinated samples prepared by
impregnation and Rh-Ni samples prepared by solid reaction (calcinated, reduced and after reaction). For Ni catalysts prepared by impregnation, it can be observed that the amount of Adsorbed N2 is higher for catalysts supported on alumina and magnesia and lower for those supported by wax and zirconium. This is in line with the large crystallized size of these commercial media and their low surface area
(see Table 3), which in turn decreases the dispersion of the nickel phase, so it can be obtained from the X-ray diffraction diagrams (Figure 1) and from the medium crystalline domains determined for the supported NiO PN (Table 1). For catalysts supported by alumina and magnesia, a decrease in the surface is observed, which is explained by blocking part of the porous lattice with NP nickel oxide. On the
contrary, for samples supported on wax, lanthana and zirconia, an increase in the surface is observed, which could be attributed to the contribution of these NiO surface NP. The catalyst with the largest surface is by far the one supported on alumina, followed by the one supported by magnesia. The other catalysts show that the BET area evaluates a smaller order of magnitude, being the smallest that is
supported on the wax. On the contrary, the calcined catalyst prepared by reaction in solid state and supported on the wax, has greater porosity, thus is derived from the degree of nitrogen adsorption and the larger loop of histheresis moved to high relative pressure P/P0, indicating the formation of larger pores. The Alumina-supported Rh-Ni calcinate catalyst, prepared by solid reaction, has an H2 hysteresis
loop in the range of small mesopores at relative pressures of 0,4–0,6, indicating that the catalysts contain complex mesopore networks consisting of pores with poorly defined shapes. From the nitrogen adsorption values, it can be observed that this method of preparation provides catalysts with more uniform textural properties than those prepared by impregnation of commercial media. This is reflected in
areas between 6 and 39 m2/g for samples used in the reaction, the trend being the following: Rh-Ni/Al2O3 &gt; Rh-Ni/CeO2 &gt; Rh-Ni/ZrO2 &gt; Rh-Ni/MgO ~ Rh-Ni/La2O3. The highest surface was obtained for the catalyst supported by the wax due to the formation of small nanocrystals (Kundakovic and Flytzani-Stephanopoulos, 1998). The reduction of these Rh-Ni catalysts has produced a change in
the surface relative to the corresponding calcined counterparts, increasing for the catalysts supported by lanthana and magnesia and decreasing for others. The catalysts used showed a decrease in the surface due to sintering, with the exception of those supported on alumina and zirconium, for which the surface increased slightly. Redox Properties The reduction profiles of the various catalysts prepared
by impregnation and reaction in solid state are shown in Figure 4. The reduction profiles of Ni catalysts prepared by impregnation are described in Figure 4A. The H2 consumption profile corresponding to the alumina-supported sample indicates a very small contribution around 300°C due to the reduction of free niO particles and wide consumption between 400 and 850°C, indicating the formation of nickel
oxide particles with different interactions with the support. Consumption at temperatures above 700°C is related to the reduction of nickel alumina (Poncelet et al., 2005). Figure 4. Scheduled temperature reduction profiles of calcinated samples, impregnation preparations (A,B) and solid reaction preparations (C). For the calcined Ni/CeO2 sample, two peaks are observed: the first is centered around 320°C
and is attributed to the reduction of free NiO NPs, while the second and widest, centered around 780°C, is associated with the reduction of surface wax and NiO NPs interactstrongly with the support. Consumption at the highest temperature recorded is explained by the reduction of bulk caries (Zhang et al., 2008). The reduction profile of the Ni-La2O3 calcinate sample is characterized by two consumption
peaks, the first centered around 330°C and the second around 580°C, both due to the two-stage reduction of the LaNiO3 perovskita (see equations 5, 6), formed during the calcination stage (Barbero et al., LaNiO3+1/2H2→ LaNiO2.5+1/2H2O (5) LaNiO2.5+H2→ LaNiO2.5+H2→ (6) In the first step at a lower temperature, the Ni3+ species stabilized in the perovskite structure are reduced to Ni2+, and the
resulting compound, LaNiO2.5, is an oxygen-deficient structure. In the second reduction stage, a complete reduction of nickel to metallic nickel is obtained and a system based on finely dispersed Ni0 particles, supported on a La2O3 matrix, is obtained. The reduction profile of the Ni/MgO calcinate sample is characterized by a very low consumption of H2, which indicates the extensive formation of a solid
Ni-Mg-O solution (Kirillov et al., 2011), which is difficult to reduce under the conditions used in the TPR (Scheduled Temperature Reduction) analysis. The peak around 330°C is related to the reduction of free NiO particles. Consumption between 400 and 800°C is attributed to the reduction of Ni2+ species in the outer or underground layers of the MgO grid. For higher temperatures, H2 consumption may be
due to the Ni2+ reduction that occurs in the solid Ni-Mg-O solution (Wang et al., 2009a). For Ni/ZrO2, you can find a main reduction peak centered at 320°C, with a shoulder around 350°C. The main consumption of H2 is due to the reduction of free and minor NiO NPs at a higher temperature, the reduction of NiO which interacts strongly with the support (Wang et al., 2009b). Figure 4B shows the reduction
profiles of the Ni/Al2O3, Rh/Al2O3 and Rh-Ni/Al2O3 calcinate samples, prepared by the impregnation of the commercial alumina. The discount profile of Ni/Al2O3 has already been described above. The reduction profile of the Rh/Al2O3 sample shows two small contributions attributed to the reduction of Rh2O3 to Rh0. After reporting in the literature, it is expected that the calcination at 500°C causes a
fraction of the Rh phase to interact strongly with alumina, Rh becoming incorporated into the surface layer of this support and thus being difficult to reduce. Therefore, the peak around 125°C is attributed to the reduction of particles of rhodium oxide containing low interaction with the support, and the second, around 280°C, is due to the reduction of species of rhodium oxide with strong interaction with
alumina (Burch et al., 1996). The profile of the Rh-Ni sample/reflects the reduction of both Rh oxide species and Ni oxide species. However, a switch to lower temperatures can clearly be observed compared to ni/Al2O3. This is because the presence of noble metals facilitates the reduction of nickel oxide through a hydrogen draining mechanism (Tanaka et al., 2010b; Berger-Karin et al., 2011). Figure 4C
shows the TPR profiles of the Rh-Ni calcinate samples prepared by solid reaction. The profile of the alumina-supported sample indicates two contributions, one minor around 310°C, attributed to the reduction of free NiO particles, and a second, very wide and centered around 550°C, attributed to the reduction of ni species interacting with the support. After commented above, the reduction of nickel alumina
occurred at greater than 800°C. For the Rh-Ni/CeO2 sample, the profile has three different peaks: the lowest temperature peak, around 125°C, is attributed to the reduction of free Rh2O3 NpS. Since the area of this peak is much larger than that corresponding to the total reduction of Rh in the sample, the consumption of hydrogen by wax should be taken into account (Li et al., 2016). The second would be
a superimposed peak encompassing the reduction of rh species that interact strongly with the support and reduction of free niO particles, while the third, in the range of 650-800 °C, would be due to the reduction of complex NiOx species that interact strongly with the support, as well as the reduction of surface wax. Finally, at temperatures above 800°C, the TCD signal is attributed to the reduction of CeO2
species in bulk. Comparison of the reduction profiles of Rh-Ni/CeO2 and Ni/CeO2 indicates that the presence of Rh promotes the reduction of CeO2, as the reduction profile of the Rh-Ni sample is moved to lower temperatures, which can be attributed to hydrogen leakage during rhOx reduction (Ocsachoque et al., 2016). The reduction profile of Rh-Ni supported by lanthana also showed two components -
similar to what happened in the Rh-free counterpart - due to the Reduction of LaNiO3, which is known to occur in two stages. After commented above, the first was due to the reduction of Ni3+ to Ni2+, which is moved to lower temperatures compared to Ni/La2O3, and the second saw LaNiO2.5 to be reduced to FINEly dispersed metal nickel PN supported on La2O3. The TPR profile of Rh-Ni/MgO is
characterized by a very low consumption of H2, was the case ni/MgO, which is due to the formation of ni-mg spinel to a greater extent during the calcination stage. The small contribution found that around 300°C is attributed to the reduction of free NiO species. A small, wide peak was observed in the range of 400-750°C, which is associated with the ni2+ reduction that interacts with the MgO grid in the
outer and underground layers. Consumption of H2 at temperatures above 750–800°C is probably associated with ni2+ reduction in the NiO-MgO solid solution (Wang et al., 2009a). The reduction profile of Rh-Ni/ZrO2 has three contributions: the first, centered around 275°C, is attributed to the reduction of rh oxide that interacts with the support and also to free NiO particles; the second, around 400°C, is
due to surface nickel species that interact with the support, while the high temperature and wide reduction tip are due to the reduction of ni2+ species introduced into the loose zirconia lattice (Singha et al., 2016). The interaction of nickel species with support is one of the factors influencing the reactivity of catalysts. In principle, a strong interaction between the two phases is beneficial for stabilising
supported metal NPNs, reducing sintering deactivation (Ruckenstein and 1999). Composition of the surface Linking energies of Ni 2p, Al 2p, What 3d5/2, La La The base levels Mg 2p and Zr 3d5/2, the atomic surface ratios of Ni/(support cation) and the proportions of ni and metallic nickel oxide were determined by XPS. For samples supported on the wax and lanthana, analysis of the Level Ni 2p3/2 is
difficult, as this level overlaps with the levels At 3d3/2 and Ce 3d5/2, and the quantification was made after careful deconvolution of both spectra. The Ni 2p XPS base level region was equipped with three duplicates assigned to the metal ni (2p3/2, 852.5 eV), Ni2+ (2p3/2.855–856.2 eV) and satellite characteristics (861, 878.2 eV). An example of the spectrum mounted for the Ni/MgO sample is shown in
Figure 5A. The percentage of phase content for each species of metal and metal oxide was calculated by integrating XPS data mounted for each sample before and after the reaction. The evolution of the Ni oxidation state is shown in Figure 5B. Thus, for calcinate Ni samples, the concentration of surface metallic nickel shows the following trend: La2O3 &gt; CeO2 &gt; MgO &gt; Al2O3 &gt; ZrO2. The
highest exposure to metallic nickel was extracted for the lanthana-supported sample related to the formation of LaNiO3, in which nickel is atomically distributed in the perovskite lattice. In the other extreme is the sample supported on the zirconia, with the lowest proportion of metallic nickel. For this series, the trend observed for the Ni/substrate surface ratio is as follows: La2O3 &gt; MgO &gt; ZrO2 &gt;
CeO2 &gt; Al2O3. The highest value found for the catalyst supported on lanthana is explained by the atomic dispersion of nickel obtained in Perovskite LaNiO3. The others follow the same trend of substrate surfaces, with a smaller dispersion being found with a smaller surface area of the support, with the exception of the Ni/Al2O3 sample, for which the formation of a certain proportion of nickel aluminate is
not eliminated. Figure 5. (A) Example of spectrum mounted for ni/MgO (B) Relative content of metal nickel and nickel oxide species extracted from ni-2p XPS data analysis measured before and after reaction. For Calcinate Rh-Ni samples, the binding energy found for Ni 2p3/2 level, around 856 eV and accompanied by a satellite peak with approximately 6 eV higher, is characteristic of Ni2+ species. Rh has
not been analyzed because its low amount makes it difficult to detect. The binding energies found for the supportcation cation indicate that the surface support phases are as follows: Al2O3, CeO2, La2O3, MgO and ZrO2. The C 1s spectra have a peak around 290 eV, corresponding to the surface carbonates for the catalyst precursor supported by lanthana and magnesia, and is much more intense for that
supported by lanthana. The Ni/M surface ratios (M: Al, Ce, La, Mg, Zr) are compiled in Table 4. These reports change considerably depending on the type of media. The trend found is CeO2 &gt; La2O3 &gt; ZrO2 &gt; Al2O3 &gt; MgO. higher obtained for catalyst precursors with wax and lanthana support are characteristic of a highly dispersed nickel phase. Low ni/mg ratio due to the formation of a solid
Ni-Mg-O solution (Arena et al., 1996; Barbero et al., 2003). The C 1s base-level spectrum of the lanthana-backed catalyst precursor has a component around 289–290 eV due to the presence of carbonates, which is consistent with the strong base character of this oxide. Table 4. Binding energies (eV) and atomic surface ratios of calcined RhNi samples (M: Al, Ce, La, Mg, Zr) prepared by solid reaction. Rh-
Ni catalysts after reaction were structurally characterized by X-ray diffraction. X-ray diffraction models, described in Figure 1, showed that the reaction leads to structural changes of all catalysts, thus being observed by comparing with XRD models of reduced fresh samples. An increase in the size of the crystalline domain of the support can be observed for the catalysts Rh-Ni/CeO2, Rh-Ni-MgO and Rh-
Ni/ZrO2 (Table 2). For the lanthana-supported catalyst, the support is based on lantanum oxycarbonate (Requies et al., 2005; Navarro et al., 2007a), being formed by a reaction between La2O3 and CO2. With the exception of the RhNi/MgO catalyst, the other diffractograms have lines corresponding to the metal nickel, the size of its crystalline domain being larger for the catalyst supported on the wax and
smaller for the one supported on the alumina. On the other hand, for the catalyst supported on the wax, diffraction lines corresponding to the formation of defective oxygen wax (CeO2−x) (peak around 26.2°, assigned to the diffraction plane (2 2 2), PDF card 00-049-1415) can be observed. Carbon formation For CPOM, carbon deposition may occur by the Boutouard reaction (2 CO ρ C + CO2) and by the
direct decomposition of methane (CH4 ρ C + 2 H2) (Pena et al., 1996). The characterization of carbon deposits on spent catalysts was carried out by Raman spectroscopy (spectra are shown in Figure 6). For each sample, at least three Raman spectra have been recorded in different areas to ensure the homogeneity of the composition. Figure 6. Raman spectra of catalysts after reaction (Ni catalysts,
preparation by impregnation and Rh-Ni catalysts prepared by reaction in solid state). The Raman carbon spectra showed two rather sharp modes, the G tip (graphic) around 1590 cm−1 and the D peak (disordered) around 1350 cm−1, which is related to the formation of carbon nanoparticles, amorphous carbon or defective carbon filaments (Ozdemir et al., 2010; Lopez-Fonseca et al., 2012). The catalysts
supported by the wax showed low and intense peaks of carbon deposits. This is due to widely reported oxygenation mobility of the ceia surface (Dong et al., 2002). Low-carbon formation in lanthana-supported catalysts is attributed to the surface La2O2CO3 species, well known as gassing agents of C. After it is observed in Figure 6, in samples containing peaks corresponding to carbon deposits, with the
exception of Ni/ZrO2, the graphite band is greater than that of the disorder carbon, in particular in the catalyst Rh-Ni/ZrO2 (Song et al., al., This spent catalyst has an additional band around 1570 cm−1 as a consequence of the G-band split, which is characteristic of carbon nanotubes (Kogler et al., 2014). The formation of different types of carbon appears to be related to the crystalline phase of zirconium.
After being reported in the literature, a monoclinical phase favors the formation of encapsulating carbon and, for the tetragonal phase, the formation of carbon nanotubes is more likely (Zhang et al., 2015). The supporting catalysts for surface composition were analysed after the XPS reaction. Figure 5 shows the content of Metallic Ni (%) and nickel oxide (%) for each of them. If these values are compared
with those obtained for catalysts before reaction (freshcalcinate), a change in surface metal nickel exposure concentration may be observed depending on the type of catalyst. Thus, for samples supported on alumina and zirconium, an increase in the percentage of surface metallic nickel is obtained, contrary to our observation for the other samples. On the other hand, to compare the evolution of the
composition of the surface during the reaction, another parameter was compared for all catalysts, which is described in Figure 7 and represents the ratio of the total area Ni 2p in the catalyst after and before the reaction. These results underline that the total Ni surface of the Ni catalyst sustained on the lanthana does not evolve significantly during the reaction; on the contrary, the catalyst supported on
alumina suffers the greatest decrease in the total concentration of surface nickel. Figure 7. The ratio of Ni to substrate before and after the reaction of Ni catalysts supported on different substrates (preparations by impregnation) extracted from the analysis of XPS data. The ni-based catalysts prepared by impregnation were tested for partial oxidation of methane in singas and/or hydrogen. The conversion of
CH4, yield H2, co selectivity and molar ratio H2/CO compared to reaction time are described in Figure 8. Catalytic behavior depends very much on the type of support. The most active, selective and stable catalyst is the one on alumina. The counterpart supported on magnesia, which undergoes a drastic deactivation, shows the worst catalytic behavior. The beginning of the reaction depends on the support
of the catalyst. The reactivity trends observed with the other catalysts are: Ni/CeO2 &gt; Ni/ZrO2 &gt; Ni/La2O3. However, these catalysts undergo a different deactivation rate, but similar values for methane conversion, H2 yield and CO selectivity were found after 6 hours of reaction. The better performance demonstrated by the Ni/Al2O3 catalyst is mainly attributed to a relatively high level of nickel
dispersion, favoured by the upper surface of the alumina support. Figure 8. Catalytic performance of Ni catalysts (prepared by impregnation) for CPOM: conversion of CH4, H2, CO selectivity and molar ratio H2/CO. Although the metal-oxide ratio for Ni/La2O3 (before and after reaction) (Figure 5) is much higher than the ratios between the other catalysts and the Ni 2p area barely decreases during the
reaction (Figure 7), in line with previous findings (Requies et al., 2005), this catalyst does not appear to be very active for CPOM. Since the analysis of Raman spectra excludes carbon formation and therefore carbon deposition on nickel species, the observed deactivation should be due to the sintering and/or coating of nickel species by lanthana carbonates, which are produced by the CO2 adsorption
formed during the reaction (Requies et al., 2005). The deactivation of this catalyst is explained by the metal/support ratio (Figure 5), far from favouring selectivity to partial methane oxidation, for this type of support. In addition, oxidation of nickel particles at the beginning of the reaction would lead to lower selectivity compared to the formation of sinag or hydrogen, increasing selectivity towards total
oxidation and, consequently, disabling the catalyst. According to the literature, the catalytic performance of a Ni/MgO-based catalyst depends on its composition, preparation conditions and even the properties of the MgO support (Hu and Ruckenstein, 2004; Nguyen et al., 2016). The rapid deactivation observed for the Ni/MgO catalyst is due to the low fraction of metallic Ni on the catalyst surface (~7%).
Indeed, this Ni-load is well below the optimal range (10-35%). Consequently, this catalyst has very low activity for CPOM (Ruckenstein and Hu, 1999), with only CO2 and carbon as products after 4 hours per stream. In addition, nickel soiling leads to a substantial decrease in the ni-support ratio (Figure 5). The deactivation of the Ni/ZrO2 catalyst is mainly related to the formation of carbon deposits (Figure
6), which agrees with the results reported in the literature (Pengpanich et al., 2004; Larimi and Alavi, 2012). H2/CO ratios are greater than 2 and less than 2,7, except for the catalyst supported by magnesia, as this catalyst acts as a combustion catalyst. For the other catalysts, the trend observed for the H2/CO ratio depends mainly on the extent of the Boudouard reaction (2 CO ρ CO2 + C) and the reverse
water gas change reaction, rWGS (CO2 + H2 ρ CO + H2O), this ratio being higher when the Boudouard reaction occurs to a large extent and the rWGS reaction to a low extent (Albarazi et al., 2013). Thus, it appears that a direct correlation can be observed between the Raman peaks related to carbon formation (Figure 6) and the H2/CO ratio. Figure 9 presents activity tests with monometallic catalysts Ni
and Rh supported on alumina and bimetallic counterpart. Methane conversions and H2 yields clearly show that the addition of a small amount of Rh to the nickel catalyst leads to an improvement in the catalytic performance of the Ni-based catalyst. This is reasonably explained the higher degree of reduction of surface nickel particles by the H2 leakage originating in NP Rh (see Figure 4). Monometallic
catalyst Rh suffers suffering rapid deactivation produced as a consequence of the low amount of active phase (Hohn and Schmidt, 2001; Berger-Karin et al., 2011). Figure 9. Catalytic performance of Ni/Al2O3, Rh/Al2O3 and RhNi/Al2O3 catalysts (impregnated) for CPOM: CH4 conversion, H2 yield, CO selectivity and H2/CO molar ratio. The wax-supported catalyst also showed good performance with a
similar H2 yield after 6 hours per stream, even having a smaller area (Table 3). Low deactivation of the RhNi/CeO2 catalyst by carbon formation is a consequence of oxygen mobility and storage of the wax support promoted by the redox pair Ce(IV)/Ce(III) (Pantaleo et al., 2016), which is known to play a key role in this reaction (Ding et al., 2015). The results obtained by O2 pulses at reaction temperature
indicate that the degree of chemosordOd O2 in this catalyst is 1,344 mmol/g, a much higher amount than on the other catalysts (RhNi/Al2O3: 0,127; RhNi/La2O3: 0.144; RhNi/MgO: 0.299; RhNi/ZrO2: 0.546 mmol/g). Figure 10. Catalytic performance of Rh-Ni catalysts (prepared by solid reaction) for CPOM: CH4 conversion, H2 yield, CO selectivity and H2/CO molar ratio. The deactivation of the catalyst
supported on the zirconia is explained by the soiling of the active phases, as they have undergone extensive carbon formation. The deactivation rate of zirconium-supported bimetallic catalysts is higher than that observed for the monometallic counterpart. The different crystalline phases of zirconia (monoclinical for monometallic catalyst, prepared by impregnation, and tetragonal, for bimetallic phase,
prepared by reaction in solid state), may have an influence on carbon formation. After it has been reported in the literature, the activation capacity of CO2, which is essential for the elimination of surface carbon species, is related to the crystalline phase of ZrO2, as different active sites are expected to be present on different surfaces (Zhang et al., 2015). Thus, CO2 has been reported to react with reverse
boudouard reaction, with carbon species resulting from the dissociation of CO methane (Baerns et al., 1997). The higher adsorption capacity of m-ZrO2 is attributed to the higher concentration and base of hydroxyl groups on this polymorphic, as well as to the stronger Lewis base of O2-anions (Pokrovski et al., 2001). This rapid deactivation during CPOM was also reported in a study using a monoclinical Ni
catalyst with zirconium support, also prepared by solid state reaction (Choudhary et al., 1998b). Another factor that the reactivity of this catalyst is the sintering of nickel produced by the formation from the hot spot in the catalyst bed, as the speed of space may not be high enough (Tang et al., 1998; Hohn and Schmidt, Schmidt, Because the interaction of nickel metal particles on ZrO2 is relatively weak,
catalysts are predisposed to deactivate by sintering nickel particles (Barbero et al., 2003). Such species can be observed in the XRD diffraction lines of the spent catalyst (Table 2). For the magnesia-sustained catalyst, in which an unreduced Ni-Mg-O solid solution was mainly found which was inactive for the CPOM reaction, the decrease in selectivity to syngas or H2 was influenced by the low proportion
of metallic nickel (Requies et al., 2005). Therefore, this catalyst gradually deactivated due to its oxidation (Nurunnabi et al., 2006). Although this mixed phase of oxide inhibits carbon deposition, in particular from CO disproportion (Tang et al., 1998), the surface content of nickel produced from the Ni-Mg-O reduction is too low (or the surface proportion of MgO too high). Analysis of The Raman spectroscopy
of this catalyst after the reaction revealed the near absence of carbon, which is contrary to the result obtained for the monometallic catalyst (Ni/MgO). This is explained by the role of rh, which improves resistance to carbon deposition (Nurunnabi et al., 2006). In the case of the lanthana-backed catalyst, it displays the worst catalytic performance, with an initial methane conversion of 50%, which represents
almost half of the conversion performed by the other catalysts. Its deactivation is not due to extensive carbon formation, as only a small peak of approximately 1,600 cm−1, attributed to graphite carbon (Figure 6), is observed. In this catalyst, carbon is gassed by the species of lanthanum oxycarbonate (Figure 1) which limits deactivation to some extent. In short, the most active and selective catalysts are
those supported on alumina and wax. The comparison between Ni/Al2O3 and RhNi/Al2O3, as well as ni/CeO2 and RhNi/CeO2, points out that bimetallic ones are more active, selective and stable. This is influenced by the larger metal support interface obtained in these catalysts, prepared by the solid state reaction, the greater intrinsic activity of Rh and its role favoring the reduction of Ni. Catalysts that
showed better surface activity for CPOM under the reaction conditions used in this research are those supported on the wax (Ni/CeO2 and RhNi/CeO2). In these catalysts, methane is dissociated to nickel particles, and C species migrate to the interface with the support to form CO (Dong et al., 2002). The bimetallic catalyst showed greater methane conversion, greater selectivity to H2 and singaz, and
greater stability as a result of the larger metal support interface. One of the properties that have improved the catalytic behavior of this system is non-stoichiometry wax, in which there is greater oxygen mobility compared to other supports, which play a key role oxygen adsorption and carbon gasification (Pengpanich et al., 2004). Conclusions Catalysts based on Ni, Rh and Rh-Ni supported by Al2O3, CeO2,
La2O3, MgO and were prepared by wet impregnation of commercial media and solid reaction. Catalysts were tested for CPOM and it was found that their performance depends on the type of support and the method of preparation. It can also be observed that a small amount of Rh promotes the reduction of ni species, improving catalytic performance. Regardless of the method of preparation, the most
active, selective and stable catalysts are those supported on alumina, which is mainly due to the greater dispersion of nickel particles. The Ni/CeO2 Catalyst shows the best surface behavior, in which the lack of stoichiometry of CeO2 is a key property that influences reactivity and stability. The composition of the RhNi-CeO2 catalyst prepared by solid reaction produces more activity and stability than that of
Ni-CeO2, prepared by impregnation. The rapid deactivation of magnesia-supported catalysts is explained by the small amount of active Ni sites, which leads to the burning of methane rather than selective oxidation of methane. For lanthan-supported catalysts, deactivation is attributed to the nickel content being less than the optimal amount required for this type of support, leading to nickel oxidation. The
deactivation of zirconium-supported catalysts is attributed to extensive carbon formation, being less pronounced in the Ni/ZrO2 catalyst due to the higher base of monoclinical zirconia compared to the tetragonal phase of RhNi/ZrO2. Data Availability All data sets generated for this study are included in the manuscript and/or additional files. Author Contributions CA-G, MM, LR-M, and JE contributed to the
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