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Abstract

:

The Cs/Ru/MgO catalyst was synthesized by sequential impregnation of Ru and Cs on MgO support using Ru(NO3)3 and CsNO3 precursors. Catalytic ammonia synthesis was carried out in a fixed-bed flow reactor using H2 and N2 as reactants. The stability of the catalyst was measured at 350 °C, 2.5 MPa gauge pressure, and SV as 1200 h−1 using the H2/N2 ratio 3 as a reactant feedstock. The Cs/Ru/MgO catalyst retained its ammonia synthesis activity while conducting experiments at mild reaction conditions of 325 °C and 350 °C. An increase in experimental temperature to 375–425 °C decreased the ammonia synthesis activity retaining only to 42% of the initial activity after 680 h of time on stream. The deformation of the catalyst’s structure, which was caused by Cs leaching and redistribution of the Ru and increased crystallinity of MgO at high-temperature conditions, was considered the plausible reason for the drastic decrease in ammonia synthesis activity.
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1. Introduction


Ammonia production was considerably increased worldwide during the twentieth century, and nowadays ammonia is among the most produced chemicals [1,2]. Ammonia is an important feedstock to produce fertilizers and has the potential as a hydrogen and energy carrier because of its high hydrogen capacity (17.6 wt-%) and energy density (12.8 GJ m−3). Ammonia has a well-established infrastructure for storage and worldwide distribution [3,4]. As combustion of ammonia does not release carbon dioxide (CO2), it is considered a CO2-free fuel with a much higher energy density than compressed hydrogen and closer to fossil fuels [5,6]. Ammonia is industrially synthesized by the Haber–Bosch process requiring high temperature (425–600 °C) and pressure (20–30 MPa) conditions, which account for 1–2% of global energy consumption [7,8]. Most of the energy consumed by the ammonia plant is utilized in hydrogen production from natural gas and its conversion to ammonia. Globally, the Haber–Bosch process employs around 5% of natural gas causing a worldwide CO2 emission of 1.5%. Therefore, overall, ammonia synthesis is known to be an energy and capital-intensive and environmentally unfriendly chemical process. To reduce energy consumption and CO2 emissions, it is suggested to produce CO2-free ammonia at a plant scale utilizing renewable-derived hydrogen at mild temperature and pressure conditions. Ruthenium (Ru)-based catalysts have been recognized for their capability to produce ammonia at milder reaction conditions than required by the iron-based catalyst used in the Haber–Bosch process [9,10,11,12]. Generally, cleavage of the high-energy N−N triple bond (945 kJ mol−1) of nitrogen is considered as the rate-determining step for ammonia synthesis. The most effective way to accelerate this rate-determining step is to enhance the electron density of Ru particles by use of basic support or promoter [13,14]. The material used as support greatly influences the efficiency of the catalyst. Industrially, graphitized carbon has been used as support for Ru in the Kellogg Brown and Root Advanced Ammonia Process (KBRAAP) [15,16], but the methanation of the carbon support causes degradation of the catalyst [17,18]. Various noncarbon materials, such as Al2O3 [19], MgO [20], MgAl2O4 [21], zeolites [10], etc., were evaluated for their activities for ammonia synthesis. Among various supports, MgO was proposed as a stable and active support for Ru catalysts capable of higher efficiency at a relatively lower temperature of 300–425 °C [22]. In addition to the effect of support materials, alkali and alkaline earth metals are suggested to promote ammonia synthesis when coupled with Ru [20,22]. These promoters improve the electron density as well as dispersion of Ru particles [23,24,25,26]. An intensive increase in ammonia synthesis activity was reported for the MgO-supported Ru catalyst on the addition of the promoter in an order of Cs+ ˃ Rb+ ˃ K+ ˃ Na+ [27]. The ammonia synthesis efficiency of the Ru catalysts is suggested to be strongly dependent on the basicity and electronegativity of the support and promoter [27,28]. The mechanism involves the transfer of electrons from support and promoters to the Ru [23,29] from where these electrons are transferred to the antibonding orbitals of adsorbed nitrogen molecules weakening their N−N triple bonds thereby promoting the dissociation of dinitrogen. The addition of Cs as a promoter to the MgO-supported Ru catalyst is considered for enhancing the ammonia synthesis activity of the catalyst [27,30]. A combination of Cs, Ru, and MgO has been used as a benchmark in many studies.



Considering the potential applications of ammonia, the development of efficient catalysts has been widely investigated at the laboratory scale. However, the scenario for plant-scale application is quite different than for laboratory-scale. The laboratory-scale evaluation at a limited set of reaction conditions and short time stability is not sufficient to evaluate the fate of the catalyst when applied to plant-scale applications, especially when renewable-derived hydrogen is considered as a feedstock. As renewable-derived hydrogen exhibits fluctuating behavior, it is challenging to maintain a fixed reaction condition for the plant-scale operation. For the plant-scale ammonia synthesis application of the catalyst, it is highly desired to conduct a comprehensive study on the effect of reaction conditions on the activity and long-term stability of the catalyst. Cs/Ru/MgO is a well-recognized catalyst for its exceptional ammonia synthesis activity. In our previous published paper [20], a detailed investigation was conducted to evaluate the effects of reaction conditions including the temperature, pressure, and H2/N2 ratio on the ammonia synthesis activity of the Cs/Ru/MgO catalyst to establish the available optimum range of reaction conditions. The present study is a continuation of our previous work on the Cs/Ru/MgO catalyst. In this paper, we investigated the trend of stability of the Cs/Ru/MgO catalyst for long-term ammonia synthesis activity. This study is of great importance for the development of a catalyst for the long-term activity to produce ammonia at a plant scale as a carrier of renewable-derived hydrogen and energy.




2. Experimental


2.1. Preparation of Catalyst


MgO was purchased from Merck and used as support. At first, MgO was calcined at 500 °C for 2 h under airflow. A total of 2 wt-% Ru was loaded on MgO support by the impregnation method using Ru(NO3)3 precursor. For this purpose, the calculated amount of MgO was added to the aqueous solution of Ru(NO3)3 and then dried at 100 °C for 18 h in the oven. The dried Ru-loaded MgO catalyst was crushed well to make powder and then reduced to 300 °C for 2 h under a flow of 10% H2 and 90% N2 mixture. The resultant powder was assigned as Ru/MgO (Ru-loaded MgO), which was loaded with 6.8 wt-% Cs by the impregnation method using CsNO3 precursor, followed by drying at 100 °C for 18 h. The catalyst was reduced again to the same conditions of 300 °C for 2 h under a flow of 10% H2 and 90% N2 mixture and was denoted as the Cs/Ru/MgO catalyst. The catalyst was sieved to a particle size of 60–100 mesh.




2.2. Characterization


The HAADF-STEM and EDS analysis were conducted to determine the morphology of the as-synthesized and used (after 680 h of time on stream) catalysts. The XRD patterns were measured by RINT-Ultima, RIGAKU, Tokyo, Japan in the range of 2θ = 20°−80° at a speed of 2°/min with 0.01° steps. Nitrogen adsorption was measured by BELSORP-mini II, (MicrotracBEL Corp., Osaka, Japan), and then the specific surface area was estimated by the Brunauer–Emmett–Teller (BET) method. The loadings of deposited Ru and Cs were analyzed by inductively coupled plasma-optical emission spectroscopy (ICP-OES) (7500i; Agilent, Santa Clara, CA, USA).




2.3. Catalytic Activity for Ammonia Synthesis


The evaluation of the Cs/Ru/MgO catalyst for ammonia synthesis activity and stability was conducted in a fixed-bed reactor. Prior to ammonia synthesis experiments, the catalyst was activated in a flowing gas mixture of 75% H2 and 25% N2 at 600 °C and ambient pressure for 30 min. The stability experiments were conducted at the standard condition of 350 °C, 2.5 MPa gauge pressure, H2/N2 ratio 3, and SV as 1200 h−1 using H2 and N2 gases as reactants. The concentration of ammonia produced was measured by passing the outlet gases from the aqueous solution of sulfuric acid (H2SO4) [7,20,31,32,33] with an immersed conductivity cell. The rate of ammonia formation was calculated by detecting the decrease in the conductivity of the H2SO4 solution (0.4 wt-%) with respect to time. The rate of ammonia synthesis is described in terms of the space–time yield (STY).





3. Results and Discussions


As described earlier, this study is a continuation of our previous research on the Cs/Ru/MgO catalyst. The effects of various reaction conditions including the H2/N2 ratio in reactant stream, experimental temperature, gauge pressure, and space velocity were analyzed and explained in our previously published paper [20]. This paper describes the stability trend of the catalyst during a time on stream of 680 h. The activity tests were conducted in five sequences to elucidate the effect of the H2/N2 ratio and gauge pressure firstly at the lowest temperature condition of 325 °C and then at 350, 375, 400, and 425 °C, respectively (Please refer to Figure S1 of the Supplementary Materials). The stability tests were conducted intermittently during the above-mentioned activity mapping against various reaction conditions. Figure 1 demonstrates the stability of the catalyst with time on stream.



According to the results of these durability tests, the catalytic activity was almost constant for 150 h of time on stream with the STY value of 2.1 mmol-NH3/g-cat/h. These initial 150 h of time on stream represent a period for the activity tests under the lowest experimental temperature condition of 325 °C, whereas with an increase in the temperature for the activity experiments to 350, 375, 400, and 425 °C, the durability tests showed a rapid decline in catalytic activity, retaining 42% of the initial activity (STY value as 0.86 mmol-NH3/g-cat/h) after 680 h of time on stream. High-temperature experimental conditions could be a possible factor retarding the activity of the Cs/Ru/MgO catalyst.



To understand the possibilities of deactivation in detail, the as-synthesized catalyst and the catalyst after 680 h of time on stream (used catalyst) were characterized by BET, XRD, TEM, and ICP measurements and compared for changes. The surface area of the as-prepared catalyst was 40 m2/g, which decreased to less than half (19 m2/g) for the used catalyst. Figure 2 illustrates the nitrogen adsorption–desorption isotherms (BET measurement curves) and pore size distribution of the as-synthesized (Figure 2a) and used (Figure 2b) Cs/Ru/MgO catalysts, respectively. According to Figure 2, the nitrogen adsorption–desorption isotherm changed from type IV for the as-synthesized catalyst to type III for the used catalyst. The pore size distributions are demonstrated in the inset images in Figure 2a,b, respectively, which were calculated from their desorption data with the Barret−Joyner−Halenda (BJH) model. The pore size distributions were quite different for the catalyst before and after 680 h of time on stream. For the as-synthesized catalyst, most of the pores were within a diameter of 10 nm, whereas for the used catalyst, large parts of the pores ranged above 10 nm. Thus, the surface area and pore size distribution varied to a large extent for the Cs/Ru/MgO catalyst before and after a time on stream of 680 h, which indicates a diverse change in the texture of the catalyst after a time on stream of 680 h.



Figure 3 presents the XRD patterns for the as-synthesized and used Cs/Ru/MgO catalysts. According to the XRD pattern of the as-synthesized catalyst (Figure 3a), the diffraction peaks at 2θ = 38.0°, 51.0°, and 58.8° were assigned to Mg(OH)2. Peaks for MgO appeared at 2θ = 42.7° and 61.8° [20,34]. No peak for the Ru or Cs species was noticed, which indicates that these particles are amorphous or smaller in diameter than the detection limit of the diffractometer, whereas highly intense diffraction peaks appeared for the used catalyst (Figure 3b), indicating the highly ordered crystalline structure of MgO. Hence, the results from nitrogen adsorption and XRD analysis suggest changes in the morphology of the catalyst with time on stream.



To confirm the morphological and structural changes of the catalyst, a HAADF-STEM analysis coupled with EDS was conducted (Figure 4). The elemental mapping of as-synthesized catalyst (Figure 4a) showed the high dispersion of Ru and Cs on MgO support, whereas comparatively larger Ru particles and a highly crystalline structure of MgO support were observed for the used catalyst (Figure 4b). The histogram (Figure 4c) illustrates the distribution of Ru particle size on MgO support after 680 h of time on stream (used catalyst). A total of 150 Ru particles were counted, with an average particle size within a range of 4–10 nm, which confirms the agglomeration of the Ru particles. STEM images also revealed a substantial decrease in the Cs content in the used catalyst.



The leaching of Cs was confirmed by ICP analysis. The Cs content decreased from 6.4 wt-% in the as-synthesized catalyst to 0.8 wt-% in the used catalyst after a time on stream of 680 h. As cesium oxide was loaded on the surface of the catalyst, leaching dramatically decreased the surface concentration of Cs, which led to the drastic decrease in catalytic activity. Larichev et al. [35] studied the chemical state of the Cs promoter and revealed the presence of a mixture of cesium oxide (Cs2O) and cesium peroxide (Cs2O2) in the Cs/Ru/MgO catalyst. The authors of [35] also suggested that close contact between the Cs promoter and Ru particles resulted in sufficiently high catalytic activity for ammonia synthesis by introducing a high dispersion of Ru on the surface of the catalyst and also by enhancing the electron density caused by the donation of electrons from cesium oxide to Ru. Rosowski et al. [36] confirmed that the Cs species have less affinity for basic supports such as MgO. In the present study, the high dispersion of the Ru particles was confirmed in the as-prepared Cs/Ru/MgO catalyst in the presence of Cs. However, the Cs species have very low melting points of 297.8 °C and 490 °C for Cs2O and Cs2O2, respectively. Therefore, a low melting point and less affinity of the Cs species with MgO support decreased the stability of the Cs species ultimately causing the leaching and dislocation of the Cs species during ammonia synthesis experiments at high-temperature conditions. As a consequence, it is suggested that the high-temperature operation caused structural and morphological changes in the Cs/Ru/MgO catalyst including leaching of the Cs promoter, reconstruction, and rearrangement of MgO support toward the more organized crystalline structure with a lower surface area and agglomeration of Ru metal, which reduced the active sites of the catalyst. These structural changes associated with the high temperature retarded the catalytic activity of Cs/Ru/MgO for ammonia synthesis. Therefore, it is of pivotal importance to evaluate a catalyst for long-term stability especially if a large-scale application is desired.




4. Conclusions


In conclusion, the Cs/Ru/MgO catalyst was prepared by the impregnation method and evaluated for the activity and stability for ammonia synthesis. The stability of the catalyst was observed within a time on stream of 680 h. The operation at a relatively high temperature of 350–425 °C greatly changed the composition, structure, and morphology of the Cs/Ru/MgO catalyst. The crystallization of MgO, leaching of Cs, and redistribution and agglomeration of Ru occurred at higher operating temperature conditions. The structural changes along with the leaching of the Cs promoter retarded the catalytic activity of Cs/Ru/MgO for ammonia synthesis. Such a study for the evaluation of the long-term stability of the catalyst is essential to achieve the plant-scale ammonia synthesis application.
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Figure 1. Stability trend of the catalyst with time on stream at different temperature conditions. 
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Figure 2. Nitrogen adsorption–desorption isotherms. The insets in figures present the pore size distribution among as-synthesized and used Cs/Ru/MgO catalysts. 
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Figure 3. XRD pattern of Cs/Ru/MgO catalyst: (a) as-synthesized catalyst and (b) used catalyst after reaction of 680 h. 
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Figure 4. HAADF-STEM images with elemental mapping for Mg, Ru, and Cs: (a) as-synthesized catalyst, (b) after a time on stream of 680 h, and (c) histogram of the particle size distribution of Ru in the used catalyst after 680 h of time on stream. 
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