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Abstract

:

Recently, catalysts with hydrotalcites and hydrotalcite-derived compounds have attracted particular interest due to their specific properties, mostly well-developed texture, high thermal stability, and favorable acid–base properties. In this work, we report the investigation of ammonia synthesis on barium-promoted cobalt catalysts supported on hydrotalcite-derived Mg-Al mixed oxides with different Mg/Al molar ratios. The obtained catalysts were characterized using TGA-MS, nitrogen physisorption, XRPD, TEM, STEM-EDX, H2-TPD, CO2-TPD, and tested in ammonia synthesis (470 °C, 6.3 MPa, H2/N2 = 3). The studies revealed that the prepared Mg-Al mixed oxides are good candidates as support materials for Co-based catalysts. However, interestingly, the support composition does not influence the activity of Ba/Co/Mg-Al catalysts. The change in Mg/Al molar ratio in the range of 2–5 did not significantly change the catalyst properties. All the catalysts are characterized by similar textural, structural, and chemisorption properties. The similar density of basic sites on the surface of the studied catalysts was reflected in their comparable performance in ammonia synthesis.
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1. Introduction


Ammonia synthesis is an important chemical process upon which many industries are based, including the production of fertilizers or explosives. The estimated global production of ammonia is approximately 150 million metric tons and is projected to increase by 2.3% per year [1,2,3]. Although the Haber–Bosch process has been carried out for over 100 years, the continuously increasing demand for ammonia forces the need to search for new technological solutions to reduce energy consumption and increase the entire process’ efficiency [4,5]. Two types of catalytic systems which have been used in the industry for a long time are a promoted iron catalyst and a carbon-supported ruthenium catalyst. Despite the fact that the former exhibits a long working time and low cost, it does not provide a high reaction rate at a high ammonia concentration. On the other hand, due to the high cost of ruthenium, the latter is used only in a few industrial plants. In recent years, attempts have been made to deposit ruthenium onto other supports, e.g., MgO-CeO2 [6,7], MgO [8], BaCeO3 [9], BaZrO3 [10], ZrO2 [11], and rare-earth oxides [12,13,14,15,16,17]. Despite the high activity of such systems, the high price of ruthenium and poor stability of Ru nanoparticles due to sintering effectively discourages their use on a large scale. Therefore, the current research on ammonia synthesis is focused on searching for new catalysts with a favorable activity-to-price ratio, i.e., characterized by higher activity than the iron catalyst and a lower price than the ruthenium catalyst.



Although cobalt is not highly active in the synthesis of ammonia, studies by Hagen et al. [18,19] have shown that the addition of barium significantly increases the catalytic activity of this metal. This was a significant impetus for searching for an alternative catalytic system for ammonia synthesis with cobalt as the active phase. Among the active catalytic systems found in the literature are unsupported cobalt catalysts promoted with barium [20,21,22] or rare earth metals (especially cerium [20,21,23] and lanthanum [24]). However, the application of supports allows for better use of the catalyst potential during the technological process by reducing the cost of catalyst production, increasing the active phase dispersion, and the size and morphology of its particles. So far, literature reports describe the use of only a few supports for cobalt, mainly activated carbons [25,26], cerium oxide [27,28,29] and recently magnesium oxide [30] or mixed MgO-Ln2O3 oxides (Ln = La, Nd, Eu) [31,32,33,34,35]. A more sophisticated novel type of support such as electrides (e.g., C12A7:e−) with excellent promotion effect due to their strong electron-donating ability [2,36,37] or hydride support materials (e.g., LiH, BaH2) changing the reaction pathway (a two-active-center mechanism) [38,39] are also reported. Rare-earth metal nitrides such as CeN were reported recently as very effective support promoting ammonia synthesis over a Co-based catalyst [40]. However, all these systems were tested only under mild conditions (i.e., ambient pressure, low temperature), applicable only to small-scale green ammonia production via the Haber–Bosch process.



A very interesting type of support investigated as an alternative to the standard support systems are hydrotalcites, also known as layered double hydroxides, with the general formula        M  1 − x   I I    M x  I I I       O H    2      x +        A  n −       x / n   · m  H 2  O  , where x—mole fraction of a trivalent metal, n—valence of an interlayer anion, and m—number of water molecules [41,42,43,44]. These materials exhibit basic properties depending on the amount of metal introduced into the brucite layer. The number and strength of acid and basic sites are influenced by the nature and amount of the trivalent cation (MII/MIII ratio) [45]. This is of great importance in the implementation of hydrotalcite materials as supports or support precursors in the preparation of catalysts. The acid–base properties of supports play a crucial role in the formation of active centers, the nature of which results in the activity of the catalytic system [46]. In the synthesis of ammonia, the catalysts should be characterized by a large number of medium and strong basic centers, which can be achieved by using more basic supports. These centers are particularly desirable due to the rate-determining step, i.e., dissociation of the nitrogen molecule. This process can be accelerated by donating electrons from the surface of the support to d-orbitals of metal atoms (the active phase) and further to the anti-binding orbitals of nitrogen molecules adsorbed on the surface of this metal. In order to be an efficient electron donor, a support needs the presence of Lewis basic centers, which are identified with medium and strong basic sites represented by, e.g., oxide anions. Such basic systems are easy to obtain with the use of hydrotalcites-like materials. An additional advantage of mixed oxides obtained from the thermal decomposition of hydrotalcites in temperatures below 500 °C is a developed texture, i.e., greater porosity and specific surface area than that of the untreated hydrotalcite [42]. Moreover, hydrotalcite-derived oxides exhibit high thermal resistance, which is an excellent advantage in high-temperature processes. In catalysts containing transition metals, such as ruthenium supported on hydrotalcite-derived materials, a high degree of metal phase dispersion is observed [47]. Due to these properties, catalysts using hydrotalcites and hydrotalcite-derived compounds have recently attracted particular interest as redox and acid–base catalysts. Hydrotalcite-derived mixed-oxides have already been studied as supports for ruthenium in ammonia synthesis catalysts. It was reported that Ru supported on Mg-Al mixed oxide is an efficient catalyst of activity higher than that of Ru supported on conventional supports such as MgO or Al2O3 [46,47].



In this study, a series of barium-promoted cobalt catalysts supported on hydrotalcite-derived Mg-Al mixed oxides with a variable Mg/Al molar ratio was prepared and characterized to understand the relationship between the support composition and catalyst properties. The obtained materials were characterized using TGA-MS, nitrogen physisorption, XRPD, TEM, STEM-EDX, H2-TPD, CO2-TPD. The influence of Mg/Al molar ratio on the physicochemical characteristics and performance of the catalysts in ammonia synthesis reaction was the object of detailed analysis.




2. Materials and Methods


2.1. Preparation of Mg-Al Mixed Oxides


A series of Mg-Al hydrotalcites with various Mg/Al molar ratios (2, 3, 4, and 5) was synthesized by co-precipitation. In a typical procedure, an aqueous solution A was prepared by dissolving the proper amounts of Mg(NO3)·6H2O (Chempur, Karlsruhe, Germany, pure p.a.) and Al(NO3)3·9H2O (Chempur, Karlsruhe, Germany, pure p.a.) in distilled water, and an alkaline solution B was prepared by mixing of NaOH (Chempur, Karlsruhe, Germany, pure p.a.) and Na2CO3 (Chempur, Karlsruhe, Germany, p.a.) aqueous solutions with a molar ratio of 10:1. Both solutions A and B were simultaneously added dropwise into a beaker containing 750 mL of distilled water at 30 °C under vigorous stirring. During the precipitation, the pH value was maintained at 10 by controlling the dropping rate of solution B. The formed suspension was aged at 80 °C for 18 h under stirring. The precipitate was filtered, followed by washing with distilled water. After drying, the resulting powder was calcined at 500 °C for 4 h to obtain Mg-Al mixed oxides.




2.2. Preparation of Ba/Co/Mg-Al Catalysts


A series of Ba/Co/Mg-Al catalyst precursors were synthesized by wet impregnation. The Co content was fixed at 40 wt %. In a typical procedure, the proper amount of Co(NO3)·6H2O (Acros Organics, Waltham, MA, USA, 98+%) was dissolved in distilled water, followed by the addition of Mg-Al mixed oxide. After impregnation, the water was removed using a rotatory evaporator, maintaining the bath temperature at 60 °C. The resulting solid was dried at 120 °C for 18 h and calcined at 500 °C for 4 h. Ba was introduced in the form of Ba(NO3)2 using the same procedure as described above, but without the calcination process. The amount of Ba was fixed at 3 wt %. Before testing, each catalyst precursor was reduced at 550 °C to form an active catalyst Ba/Co/Mg-Al. The benchmark unpromoted cobalt catalyst supported on 5Mg-Al mixed oxide (Co/5Mg-Al) was also prepared using the procedure described above.




2.3. Characterization Methods


Thermogravimetric analysis of Mg-Al hydrotalcites was carried out in a thermogravimetric analyzer (NETZSCH STA449C) integrated with a quadrupole mass spectrometer (NETZSCH QMS Aëolos 403C). A sample of mass of 30 mg was loaded onto an alumina plate and heated up to 1000 °C at a ramping rate of 10 °C min−1 under airflow of 100 cm3 min−1. The signals of m/e = 18 and 44 were registered for H2O and CO2, respectively.



The surface area and total pore volume of the support precursors (hydrotalcites) and supports (mixed oxides) were determined from N2 physisorption adsorption/desorption isotherms at liquid nitrogen temperature (−196 °C) using an ASAP 2020 analyzer (Micromeritics, Caringbah, Australia). Before the measurement, 300 mg of a sample was degassed under vacuum at 50 °C for 1 h and next at 80 °C for 4 h. The surface area and pore volume were determined by fitting the experimental data to the BET and BJH adsorption isotherm models. N2 adsorption/desorption isotherms were also collected for the catalysts. To this end, each catalyst precursor was reduced at 550 °C for 10 h under H2 flow (40 cm3 min−1). Then the sample was degassed at 200 °C for 2 h, and the experiment was conducted.



Powder X-ray diffraction patterns were recorded on a Bruker D8 Advance diffractometer equipped with an LYNXEYE position-sensitive detector, using Cu-Kα radiation (λ = 0.15418 nm). The data were collected in the Bragg–Brentano (θ/θ) horizontal geometry between 10° and 70° (2θ) in a continuous scan using 0.03° steps 10 s/step. The diffractometer incident beam path was equipped with a 2.5° Soller slit and a 1.14° fixed divergence slit, while the diffracted beam path was equipped with a programmable anti-scatter slit (fixed at 2.20°), a Ni β-filter, and a 2.5° Soller slit. Data were collected under standard laboratory conditions.



Transmission electron microscope (TEM) measurements were carried out on a FEI Talos F200X microscope operated at 200 kV. Observations were performed in TEM and scanning transmission electron microscopy (STEM) mode using high-angle annular dark-field (HAADF) imaging. Energy dispersive X-ray spectroscopy (EDX) using a Super-X system with four silicon drift detectors (SDDs) was applied to detect differences in local chemical composition.



H2 temperature-programmed desorption was carried out in an AutoChem II 2920 analyzer (Micromeritics) equipped with a thermal conductivity detector (TCD). Before a measurement, 500 mg of a catalyst precursor was reduced at 550 °C for 18 h under H2 (40 cm3 min−1) and then purged at 570 °C for 2 h under Ar flow (40 cm3 min−1). After cooling to 150 °C, H2 flow was introduced (40 cm3 min−1) for 15 min. Then the sample was cooled to 0 °C and kept at that temperature for another 15 min. Subsequently, the sample was purged with Ar at 0 °C until the baseline was stable. The experiment was conducted in Ar flow (40 cm3 min−1) at a heating rate of 5 °C min−1 up to 700 °C.



CO2 temperature-programmed desorption was carried out using the same AutoChem II 2920 analyzer (Micromeritics) equipped with a thermal conductivity detector (TCD). Before a measurement, 500 mg of a catalyst precursor was reduced at 550 °C for 18 h under H2 (40 cm3 min−1) and then purged at 570 °C for 2 h under He flow (40 cm3 min−1). After cooling to 40 °C, pure CO2 was introduced at a flow of 40 cm3 min−1 for 2 h. Subsequently, the sample was purged with flowing He at 40 °C until the baseline was stable. The experiment was conducted in flowing He (40 cm3 min−1) at a heating rate of 5 °C min−1 up to 700 °C.



Catalytic activity measurements in ammonia synthesis were performed in a tubular flow reactor, as described previously [32]. Before testing, 500 mg of a catalyst precursor was activated in the reaction mixture at a flow rate of 30 dm3 h−1 (H2/N2 = 3, purity 99.99995 vol%) at atmospheric pressure at different temperatures, i.e., 470 °C (72 h) → 520 °C (24 h) → 550 °C (48 h). Under steady-state conditions of temperature (470 °C), pressure (6.3 MPa), and gas flow rate (70 dm3 h−1), the ammonia concentration in the outlet gas was measured interferometrically, and then the NH3 synthesis rate was determined. The uncertainty in the NH3 production rate was ±1%. The detailed calculation equations can be found in our previous work [32].





3. Results and Discussion


3.1. Physicochemical Characteristics of Mg-Al Hydrotalcite and Mg-Al Mixed Oxides


Thermal decomposition of the obtained Mg-Al hydrotalcites with a variable Mg/Al molar ratio was investigated using thermogravimetric analysis. Regardless of chemical composition, all of the obtained materials are characterized by a similar course of thermal decomposition, typical for hydrotalcite materials described in the literature [41,48,49]. Figure 1 shows an exemplary TGA-MS curve of the 5Mg-Al support precursor (hydrotalcite) of Mg/Al molar ratio equal to 5. The decomposition process is clearly divided into two noticeable steps. The first mass loss (about 13%) was recorded at a temperature up to 250 °C and accompanied by a mass signal of m/e = 18 corresponding to dehydration, i.e., removal of physisorbed water and interlayer structural water. A small peak was also visible on the mass signal of m/e = 44 assigned to the release of physically bound CO2. The second mass loss (about 28%) in the temperature range of 250–550 °C takes place due to dehydroxylation of brucite layers confirmed by the peak on the m/e = 18 mass signal. Moreover, a distinct peak corresponding to carbon dioxide evolution (m/e = 44) indicates decarboxylation, i.e., removal of carbonate anions from the interlayer spaces. The release of the gaseous compounds generates a substantial porosity in the calcined hydrotalcite-derived mixed oxides and a significant increase in the surface area of these materials [42]. This is confirmed by the results of textural studies. A representative N2 adsorption–desorption curve for the support precursor of Mg/Al molar ratio equal to 5, illustrating the nature of the isotherms recorded for all the tested materials, is shown in Figure 2. According to the IUPAC classification, the samples exhibited the type IV adsorption isotherm [50], characteristic of mesoporous solid materials with H3 type hysteresis loop, indicating the presence of pores formed from non-parallel planes, i.e., slit-shaped pores. After the thermal treatment of the support precursors (hydrotalcites), the type of the N2 adsorption–desorption isotherms remained unchanged for the supports (mixed oxides). However, the amount of adsorbed nitrogen increased, indicating the development of a porous system of the Mg-Al mixed oxides due to CO2 evolution during decomposition of the interlayer CO32− anions. No clear correlation was observed between the composition, i.e., Mg/Al molar ratio of the support precursors and their textural parameters. For all the obtained hydrotalcites, the surface area was in the range of 80–118 m2 g−1. They were also characterized by a similar pore volume in the range of 0.5–0.7 cm3 g−1 (Table 1). Thermal decomposition of hydrotalcites leads to fine crystalline mixed metal oxides. It is manifested in a visible increase in the value of textural parameters for mixed oxides—the surface area is 2–3 times higher, and the pore volume is almost twice larger compared to the untreated hydrotalcites. Analyzing the obtained results makes it possible to indicate some structure-forming effect of Al2O3 oxide. The surface area decreased with increasing Mg/Al molar ratio (i.e., when Al2O3 content decreased). These results are in agreement with the report of Jinesh et al. [51], indicating the same effect for the materials of Mg/Al molar ratio from 1 to 5. Nevertheless, there is an ambiguous viewpoint in the literature regarding the influence of Mg/Al molar ratio on the textural parameters of the obtained mixed oxides [52,53].



The structural properties of the support materials both before and after thermal treatment were determined using X-ray powder diffraction (XRPD). Figure 3a depicts the diffraction patterns of all the support precursors with various Mg/Al molar ratio, typical of a layered double hydroxide structure [54]. For the 2Mg-Al support precursor, the clear, sharp, and symmetric diffraction lines indicate a well-crystallized, highly ordered hexagonal structure with the space group R-3m. Along with the increase in Mg content, the reflections are less intense and much broader, which indicates a decrease in the degree of crystallinity of the materials. This was reflected in the determined crystallite size decreasing from 14 nm to 8 nm with increasing Mg/Al molar ratio from 2 to 5 (Table 2). The hydrotalcite lattice structural parameters calculated from the obtained data (Table 2) clearly show that introducing a higher amount of Mg2+ ions leads to some modification of the structure of the hydrotalcite materials. The values of parameters a and c increased with increasing Mg/Al molar ratio. It is in accordance with the literature reports [42] indicating that the value of parameter a, related to metal–metal distance in the brucite-like layer, increases when more Al3+ ions (0.53 Å) in these layers are substituted by Mg2+ ions, whose ionic radius is larger (0.65 Å). It also influences the interlayer spacing, which leads to an increase in parameter c.



Thermal treatment of the support precursors (hydrotalcites) led to their decomposition and change of the phase composition of the materials into mixed oxides. The diffraction patterns (Figure 3b) for all the samples showed reflections at 2θ angles around 43° and 63° consistent with the presence of the MgO periclase phase (PDF#45-0946). The lack of reflections of Al-containing phases indicates that they may be present in a highly dispersed form. Any other crystalline phases containing Mg or Al were not detected. Only a few weak signals at low values of 2θ angles (10–35°) were observed. They may be attributed to a small amount of the hydrotalcite phase, which did not completely decompose.



The detailed structural studies using transmission electron microscopy (TEM) and high-angle annular dark-field scanning transmission electron microscopy (STEM-HAADF) were performed for the selected support (5Mg-Al) to characterise its microstructure and morphology. As shown in Figure 4a,b, the support comprises two crystalline phases: MgO and Al2O3. The magnesium oxide phase occurs in a rod-like structure clearly visible in Figure 4b. The aluminium oxide phase occurs as small crystallites of a few or several nanometres that form a support matrix, porous in some places. The EDX mapping confirms a uniform distribution of Al in the support (Figure 4d,h) and the concentration of Mg on the rod-like particles (Figure 4e,g).




3.2. Characteristics of the Ba/Co/Mg-Al Catalysts


The results of the surface area measurements for the barium-promoted cobalt catalysts supported on Mg-Al mixed oxides are summarised in Table 3. For the studied catalysts, no correlation was observed between the support composition, i.e., Mg/Al molar ratio, and the surface area of the catalysts, which is in the range of 125–146 m2 g−1. However, it should be noted that the surface area for the catalysts is about 40% lower in comparison to the surface area of the supports (Table 1). This is due to successive deposition of the active phase precursor (cobalt salt) and then the promoter precursor (barium salt), which occupies part of the surface and crystallizes in the pores of the support.



Figure 5 depicts the XRPD patterns of the Ba/Co/Mg-Al catalysts in the reduced form. All the patterns show the presence of reflections assigned to MgO periclase phase (PDF#45-1225) derived from the catalyst support. Moreover, reflections at 44.2° and 51.5° ascribed to face-centred cubic cobalt (PDF#15-0806) are visible. The cobalt crystallite size is shown in Table 3. Interestingly, Co crystallites have nearly the same sizes, ca. 7–8 nm, regardless of the Mg-Al molar ratio of the support on which cobalt was deposited. The lack of reflections attributed to Ba-containing phases indicates that barium promoter is present in the catalysts in the form undetectable by XRPD, i.e., amorphous or/and highly dispersed.



The microstructure and morphology for the selected catalyst (Ba/Co/5Mg-Al) were studied using transmission electron microscopy (TEM) and high-angle annular dark-field scanning transmission electron microscopy (STEM-HAADF). Figure 6a–c show a uniform distribution of the crystalline cobalt nanoparticles on the 5Mg-Al support evidenced in the EDX map of cobalt (Figure 6d). The series of the EDX maps (Figure 6e–k) also confirms the homogeneous distribution of the other components on the catalyst surface. Based on the series of EDX maps, a histogram of the size of cobalt nanoparticles was prepared. The data fit to the LogNormal distribution. The estimated average cobalt nanoparticle size is 14.8 nm. This means that the active phase forms polycrystalline particles composed of smaller crystallites, which is consistent with the results of the XRPD analysis (Table 3).



The chemisorption ability of the studied catalysts was determined by temperature-programmed desorption of hydrogen. Figure 7 shows the H2-TPD profiles for the Ba/Co/Mg-Al catalysts. Two distinct H2 desorption peaks were recorded: the low-temperature peak with a high intensity and the maximum ca. 120 °C and a much smaller medium-temperature peak with the maximum at approximately 350 °C. They were attributed to the desorption of hydrogen atoms bound to the cobalt surface weakly and moderately, respectively. No high-temperature (>550 °C) peaks were detected. This indicates the lack of active sites which strongly bind hydrogen on the cobalt surface. It is favorable from the point of view of ammonia synthesis because on the studied catalyst surface there are no active sites that would be blocked by strongly bound hydrogen and thus not involved in the reaction. The increase in the Mg/Al molar ratio of the support slightly decreased the intensity of the desorption peaks and slightly shifted their positions to lower temperatures. This may suggest that the increase in the MgO content in the support has almost no significant influence on the adsorption strength of hydrogen on the cobalt surface.



Figure 8 shows the CO2-TPD profiles of the Ba/Co/Mg-Al catalysts. The CO2 desorption profiles recorded for all the catalysts consist of two peaks, i.e., the low-temperature peak (up to 250 °C) centred at ca. 150 °C and the broad medium-temperature peak (in the range of 250–600 °C) attributed to adsorption sites which bind CO2 weakly and moderately, respectively. Nevertheless, only the latter is associated with Lewis basic sites, resulting from the presence of various lower coordinated oxygen species (e.g., O22−, O−). These sites are the most important from the point of view of the mechanism of ammonia synthesis. They enable the effective donation of electrons to the active metal (cobalt), facilitating N2 dissociation (rate-determining step of ammonia synthesis reaction) by weakening the N≡N bond. Along with the increase in the Mg/Al molar ratio, a decrease in the intensity of the peaks and a gradual shift of the maximum of the medium-temperature peak towards higher temperatures (from 300 °C for Ba/Co/2Mg-Al to 350 °C for Ba/Co/5Mg-Al) was observed. This may indicate an increase in the binding strength of the probe molecule on the basic sites with increasing MgO content in the support. Table 3 lists the amounts of CO2 desorbed from the Ba/Co/Mg-Al catalyst surface (obtained by the CO2-TPD curve integration) related to the mass or the surface area of the reduced catalysts representing the total basicity or density of basic sites, respectively. For the studied catalysts, with the increase in the Mg/Al molar ratio, the total basicity decreased slightly (by a maximum of 17% when the Mg/Al molar ratio was changed from 2 to 5). However, considering the surface area of the reduced catalysts, it is visible that the density of basic sites for all the catalysts is similar and equals approximately 2 µmol m−2. Similar observations concerning the decrease of the total basicity with increasing Mg/Al molar ratio were presented previously by Hájek et al. [45]. Moreover, Kuśtrowski et al. [55] reported that, in the case of materials after thermal treatment at temperatures higher than 450 °C, the amount of basic sites decreased compared to materials after treatment at lower temperatures. However, there is no consensus among researchers as to the unequivocal correlation between the surface basicity and the Mg/Al molar ratio. Some reports indicated the opposite results [52]. A critical analysis of the reported data shows that this relationship is more complex and is also influenced by other factors, including method of synthesis and conditions of thermal treatment of these materials.



The effect of support composition on the catalyst activity in ammonia synthesis tested at the temperature of 470 °C, under the pressure of 6.3 MPa using a stoichiometric mixture of H2/N2, is shown in Table 3. It can be seen that the activity of the Ba/Co/Mg-Al catalysts is similar regardless of the Mg/Al molar ratio in the support. The average reaction rate reaches values of 0.41–0.50 gNH3 gcat−1 h−1 (for comparison, the activity of the Co/5Mg-Al without Ba promoter is about five times lower and equals 0.11 gNH3 gcat−1 h−1). In the literature, the activity of catalysts in ammonia synthesis is generally connected with their basic properties influencing the reaction mechanism [2]. In this respect, the obtained results of catalyst activity are consistent with the results of surface basicity. All the studied catalysts show similar activity, which most likely results from the similar density of basic sites on the catalyst surfaces. Hence, the Mg/Al molar ratio change in the hydrotalcite-derived Mg-Al mixed oxide is therefore of no importance for the final catalytic properties of the obtained Ba/Co/Mg-Al catalysts.





4. Conclusions


In summary, a series of Mg-Al mixed oxides with various Mg/Al molar ratio (from 2 to 5) was prepared using hydrotalcite precursors and used as a support of the barium-promoted cobalt catalyst for ammonia synthesis. The detailed characterization studies and activity measurements in ammonia synthesis reaction allowed us to determine the relationship between the support composition and catalyst properties. The studies revealed that the prepared Mg-Al mixed oxides are good candidates for supports of the cobalt catalysts. However, the support composition does not influence the activity of the Ba/Co/Mg-Al catalysts. The change in Mg/Al molar ratio from 2 to 5 did not significantly influence the properties of the catalysts. All the catalysts are characterized by similar textural, structural, and chemisorption properties. The similar density of basic sites on the surface of studied catalysts was reflected in the comparable performance of these catalysts in the ammonia synthesis reaction.
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Figure 1. TGA-MS curve of the 5Mg-Al hydrotalcite (heating in airflow, temperature range 30–1000 °C); (top) TG and DTG curves, (bottom) selected mass signals of H2O and CO2 (m/e = 18 and 44). 
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Figure 2. Nitrogen adsorption–desorption isotherms for the 5Mg-Al hydrotalcite (black lines) and 5Mg-Al mixed oxide (red lines). 
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Figure 3. XRPD patterns of the (a) hydrotalcites (the reflections typical of a layered double hydroxide structure are marked) and (b) mixed oxides with various Mg/Al molar ratio: (1) 2Mg-Al, (2) 3Mg-Al, (3) 4Mg-Al, (4) 5Mg-Al. 
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Figure 4. (a) TEM image of the 5Mg-Al support with (b) an enlarged fragment showing the polycrystalline structure of the compounds (MgO and Al2O3). The crystallite Al2O3 and the nanorod-like MgO nanostructure were presented in the inset. (c) STEM-HAADF image and EDX mapping presenting a uniform distribution of the elements: (d) aluminium and (e) magnesium. (f) STEM-HAADF image of the enlarged fragment of the 5Mg-Al support and corresponding EDX investigation of the distribution of elements: (g) magnesium and (h) aluminium. 
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Figure 5. XRPD patterns of the Ba/Co/Mg-Al catalysts supported on hydrotalcite derived Mg-Al mixed oxides with various Mg/Al molar ratio: (1) 2Mg-Al, (2) 3Mg-Al, (3) 4Mg-Al, (4) 5Mg-Al. 
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Figure 6. (a) TEM image of the Ba/Co/5Mg-Al catalyst with (b) an enlarged fragment showing the crystalline structure of the catalyst. (c) STEM-HAADF image and corresponding EDX mapping showing a uniform distribution of the elements: (d) cobalt, (e) magnesium, (f) barium, and (g) aluminium. Additionally, EDX maps with two elements are included: (h) Mg-Ba, (i) Mg-Co, (j) Al-Co, and (k) Ba-Co. (l) Histogram of the cobalt nanoparticles. 
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Figure 7. H2-TPD profiles of the Ba/Co/Mg-Al catalysts supported on mixed oxides with various Mg/Al molar ratios. 
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Figure 8. CO2-TPD profiles of the Ba/Co/Mg-Al catalysts supported on mixed oxides with various Mg/Al molar ratios. 
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Table 1. Physicochemical properties of the support precursors (hydrotalcites) and the supports (mixed oxides).
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Support

	
Mg/Al Molar Ratio 1

	
Support Precursor (Hydrotalcite)

	
Support (Mixed Oxide)




	
Surface Area 2

(m2 g−1)

	
Pore Volume 3

(cm3 g−1)

	
Surface Area 2

(m2 g−1)

	
Pore Volume 3

(cm3 g−1)






	
2Mg-Al

	
1.8

	
84

	
0.6

	
239

	
1.0




	
3Mg-Al

	
2.9

	
101

	
0.6

	
235

	
1.0




	
4Mg-Al

	
3.9

	
81

	
0.5

	
212

	
0.9




	
5Mg-Al

	
4.8

	
118

	
0.7

	
210

	
1.2








1 Mg/Al molar ratio determined by inductively coupled plasma optical emission spectroscopy (ICP-OES). 2 Surface area estimated based on the Brunauer–Emmett–Teller (BET) method. 3 Pore volume estimated based on the Barret–Joyner–Halenda (BJH) method.
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Table 2. Rietveld refinement structural data of the support precursors (hydrotalcites).
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	Support Precursor (Hydrotalcite)
	a (Å)
	c (Å)
	V (Å3)
	Crystallite Size (nm)





	2Mg-Al
	3.047
	22.83
	183.5
	14



	3Mg-Al
	3.063
	23.40
	190.1
	11



	4Mg-Al
	3.075
	23.83
	195.2
	12



	5Mg-Al
	3.087
	24.18
	199.6
	8
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Table 3. Physicochemical properties and catalytic activity in the ammonia synthesis reaction of the barium-promoted cobalt catalysts supported on Mg-Al mixed oxides.






Table 3. Physicochemical properties and catalytic activity in the ammonia synthesis reaction of the barium-promoted cobalt catalysts supported on Mg-Al mixed oxides.





	Catalyst
	Surface Area 1

(m2 g−1)
	Total Basicity 2 (µmol g−1)
	Density of Basic Sites 3 (µmol m−2)
	Cobalt Crystallite size 4 (nm)
	Reaction Rate 5

(gNH3 gcat−1 h−1)





	Ba/Co/2Mg-Al
	134
	287
	2.1
	7.7
	0.41



	Ba/Co/3Mg-Al
	146
	266
	1.8
	6.9
	0.42



	Ba/Co/4Mg-Al
	135
	243
	1.8
	7.9
	0.46



	Ba/Co/5Mg-Al
	125
	236
	1.9
	7.9
	0.50







1 Surface area estimated based on the Brunauer–Emmett–Teller (BET) method for the reduced catalysts (after heating in hydrogen flow at 550 °C for 10 h). 2 Calculated based on the total amount of CO2 desorbed from the catalyst surface, in relation to 1 g of the reduced catalyst. 3 Calculated based on the total amount of CO2 desorbed from the catalyst surface and surface area for the reduced catalysts (after heating in hydrogen flow at 550 °C for 10 h). 4 Estimated based on XRPD results. 5 NH3 synthesis reaction conditions: 470 °C, 6.3 MPa, H2/N2 = 3.70 dm3 h−1.
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