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Abstract

:

The results of carbon dioxide reforming of CH4 (model biogas) on catalysts prepared by solution combustion synthesis (SCS) and impregnation of moisture capacity methods are presented. Investigation of the activity of catalysts synthesized from initial mixtures of Co(NO3)2-Al(NO3)3-urea of different compositions was carried out for the production of synthesis-gas, and SCS and traditional incipient wetness impregnation catalyst preparation methods were compared. The methane conversion reached 100%, and the conversion of CO2 increased to 86.2%, while the yield of H2 and CO was 99.2% and 85.4%, respectively, at 900 °C. It was found that CoAl2O4 spinel formation was due to substitution of Al3+ with Co2+ cations. Consequently, CoAl2O4 lattice parameters increased, since the ionic radius of Al3+ (0.51 Å) less than Cο2+ (0.72 Å). Advantages of SCS catalysts in comparison with catalysts prepared by the traditional incipient wetness impregnation method in dry reforming of methane were shown. The aim of this work is to develop a new catalyst for the conversion of model biogas into synthesis gas, which will contribute to the organization of a new environmentally friendly, energy-saving production in the future.
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1. Introduction


In recent years, an intensive study of the processes involving biogas as an alternative source for not only energy, but also as a raw material for the production of petrochemicals, started throughout the world due to the inevitable exhaustion of non-renewable resources for energy generation and petrochemical production. Biogas resulting from the anaerobic fermentation of biomass and from any organic waste is a practically inexhaustible renewable resource for obtaining valuable products such as synthesis gas, hydrogen, and hydrocarbons. Even biogas of “low” quality is suitable for processing into valuable raw materials for power engineering and petrochemistry, making it possible to avoid expensive methods of production.



Methane and CO2 are major components of biogas. Development of the scientific foundations of its use as a raw material for the production of liquid motor fuels and a number of other products seems to be an urgent task, since biogas is a renewable raw material [1,2,3,4]. Currently, biogas is mainly used only as a fuel. Therefore, practical use is mainly limited to building installations in rural areas for heating various rooms, greenhouses, warehouses, etc. Chemical processing of biogas into synthesis gas is the most promising option for its utilization [5,6,7]. Synthesis gas is a modern environmentally friendly fuel that burns without harmful impurities. On the other hand, synthesis gas is the basis of petrochemical production. Today, the leading oil companies in the world are engaged in the selection of conditions for the production of synthesis gas. Biogas is a very convenient component for its synthesis, since it contains both CH4 and CO2 reaction components.



In the coming years, biogas obtained through processing of organic wastes will probably be the only solution to the problems of energy supply to agricultural enterprises. In the future, with the exhaustion of natural hydrocarbons, this direction may be the only alternative way to obtain both motor fuel and petrochemicals. Extensive resources, high profitability of production, and favorable environmental properties make biogas the most promising source of hydrocarbons, capable of meeting the current and future needs of humanity for energy and hydrocarbons. The catalytic processing of biogas into synthesis gas opens up fundamentally new opportunities for creating relatively simple and low-tonnage gas chemical technologies.



This work complies with the principles of the green economy: (i) the use of renewable raw materials, i.e., biogas; and (ii) the involvement of greenhouse gases, i.e., methane and carbon dioxide.



The aim of this work is to develop new catalysts for the conversion of model biogas (a mixture of methane with carbon dioxide) into synthesis gas, which will contribute to the organization of new environmentally friendly, energy-saving production in the future.



Bulk metals [8,9] and oxides [10,11], as well as supported on various types of carriers [12], are used as catalysts for the carbon dioxide conversion of methane. However, in recent years, new types of highly active catalysts made in the combustion process have appeared. Self-propagating high-temperature synthesis (SHS) [13] and, in particular, its modern modification—solution combustion synthesis (SCS) [14,15,16]—is a new method for obtaining a modern class of catalysts of various uses based on metals, alloys, oxides, spinels, etc. The mode of a strong exothermic reaction (i.e., combustion reaction), in which the heat release is localized in the layer and transferred from layer to layer by heat transfer, is carried out in the SHS process. Structures with a high concentration of defects, which is one of the reasons for the high activity of SHS catalysts, are formed under conditions of rapid rates of combustion and cooling reactions. Studies of the physicochemical and mechanical properties of a wide range of synthesized SHS and SCS catalysts have been reported in the literature [17,18,19,20,21,22]. As a result of these studies, SHS materials with high catalytic activity—promising for many industrial processes such as partial oxidation, reduction, carbon dioxide conversion of methane, etc.—have been developed [23,24,25]. In this study, a series of catalysts based on Co and Al was synthesized by SCS and incipient wetness impregnation methods, and characterized by a range of physicochemical methods. The catalysts were investigated in dry methane reforming in a continuous fixed bed reactor.




2. Results


2.1. Characterization of Catalysts


The following reactions are possible in the process of solution combustion synthesis (Table 1).



The composition of the initial mixture, combustion conditions, and the final catalyst compositions are shown in Table 2.



2.1.1. XRD Analysis


The resulting catalysts had similar qualitative compositions but differed in their phase ratios. The approximate ratio between the phases was determined from the relative intensities of the X-ray diffraction peaks for each phase (Figure 1).



Temperature curves measured during SCS showed a second peak after SCS (Figure 2). This could only be explained by the reaction of carbon with metal oxides. Only reaction Al2O3 + C → Al + CO2 could explain presence of Al in the product of reaction because hydrogen, which appears during the reaction, cannot reduce Al2O3 under conditions of synthesis.



Increase in the concentration of Al(NO3)3 in the solution led to an increase in the concentration of both Co2AlO4 and CoAl2O4 spinels in the final product (Figure 3a,c). The concentrations of intermetallic compounds were several times lower than that of spinels, and practically did not affect the general pattern of increasing spinel concentration with increasing Al(NO3)3 in the initial mixture (Figure 3b,d). As shown in Figure 3a,b, the concentrations of spinels were significantly higher than those of CoO and were comparable to those of Co3O4.



The concentration of Al(ΝΟ3)3 played an important role in the deformation of the crystal lattice. The higher the concentration of Al(ΝΟ3)3 in the initial solution, the more Co2+ ions (0.72 Ǻ) could replace the Al3+ ions (0.51 Ǻ) in the matrix even though, generally, Co2+ cations occupy voids in the Al2O3 matrix, something which was not observed by XRD. This was illustrated by the observed increase in the size of the crystal lattice of spinel and cobalt oxides. No structural changes of intermetallic compounds and aluminum were observed (Figure 4).



The average crystallite size of the obtained catalysts was estimated from the width of the XRD peaks. The results presented in Figure 5 show that the average particle size decreased with increasing Αl(ΝΟ3)3 content.



The surface area of all obtained catalysts was measured by the BET method. The areas were the same (33.1–33.4 m2g−1).




2.1.2. SEM Analysis


The synthesized catalysts were examined with scanning electron microscopy to study the surface structure and morphology. In particular, catalysts containing 30% and 60% Cο(ΝΟ3)2 in the initial mixture, synthesized during preheating to 500 °C, were studied (Figure 6 and Figure 7). Nanosized particles were determined in catalysts prepared by SCS. An EDS analysis was also conducted to determine the composition, which comprised CoAl2O4, Co2AlO4 (cubic), CoxAly (cubic), Co3O4, Al, and CoO (cubic).





2.2. Catalytic Results


Catalysts obtained by solution combustion synthesis were tested in dry reforming of methane with carbon dioxide in the temperature range from 750 to 900 °C. Data on the conversion of CH4 and CO2, as well as the H2/CO ratio in the reaction products for the most active catalysts prepared from 60% Co(NO3)2 + 40% Al(NO3)3 and 30% Cο(ΝΟ3)2 + 70% Al(NO3)3 mixtures are shown in Figure 8.



The results show that 100% CH4 conversion was observed on a catalyst containing 30% Co(NO3)2 + 70% Αl(NO3)3 at the highest temperature. This catalyst also showed 100% conversion of CO2. The H2/CO ratio of the reaction products was 0.8–1.2 for both catalysts. An increase in the reaction temperature led to an increase in the H2/CO ratio. The 1:1 ratio is very important for the production of dimethyl ether, which can be used as a fuel. Conversion of CH4 was also 100% at 900 °C in the presence of the 60% Co(NO3)2 + 40% Al(NO3)3 catalyst, while CO2 conversion reached only 86.2%. The yield of H2 increased to 99.2% and yield of CO was 85.4%” instead of “The yields of H2 and CO were 99.2% and 85.4%, respectively (Figure 8). Tests on the 30% Co(NO3)2 + 70% Al(NO3)3 catalyst showed that the maximum 100% conversion of CH4 and CO2 were achieved. The yields reached 99.2% H2 and 99.1% CO at 900 °C (Figure 8).



The effect of space velocity was more important for the conversion of CH4 than for CO2 conversion (Figure 9a), and because methane was the source of hydrogen in this reaction, the H2/CO ratio decreased with increasing space velocity (Figure 9b). This phenomenon can be explained by the fact that CH4 molecules (3.99 Å) are almost twice as large as CO2 molecules (2.3 Å). Therefore, the adsorption and desorption of CH4 molecules is more limited than that of CO2 molecules under reaction conditions at high space velocity.



Stability of the catalyst was also investigated (initial composition of 30% Co(NO3)2 + 70% Al(NO3)3) at GHSV 3300 h−1 (Figure 10) at which the highest catalytic activity was observed (Figure 9). It should be noted that the catalyst retained high catalytic activity at the end of 7 h: 90% CH4 conversion and 94% CO2 conversion (Figure 10a), 89% H2 yield and 93% CO yield (Figure 10b), and the H2/CO ratio was 1 (Figure 10a).



A study of the activity of 30% Cο(ΝΟ3)2 + 70% Al(NO3)3 + urea catalysts prepared by SHS and incipient wetness impregnation methods in dry reforming of methane was carried out at 850 and 900 °C. The results on the yield of hydrogen and CO for these catalysts at a space velocity of 3300 h−1 are presented in Figure 11.



It was found that the yields of H2 as well as the yields of CO for the compared processes were quite close, with a slight advantage of the SCS method when comparing the data on carbon dioxide conversion of CH4 on the 30% Cο(ΝΟ3)2 + 70% Al(NO3)3 + 60% urea catalysts prepared by the SCS method and incipient wetness impregnation. The yield of H2 varied between 85% (incipient wetness impregnation) and 87% (SCS), while the yield of CO varied between 20% (incipient wetness impregnation) and 24% (SCS). The effect of addition of water vapor to the initial reaction mixture was shown in the process of carbon dioxide conversion of CH4 on the above catalyst prepared by SCS method at a space velocity of 2500 h−1. Figure 12a,b shows the effect of water vapor on the yield and selectivity of the process.



As a result of varying the temperature, it was found that carrying out the process at 900 °C in the presence of water vapor made it possible to achieve the highest values of both yield and selectivity for H2 and CO. The presence of water vapor had a significant effect on yields of products, while the effect on selectivity was small. It was also shown that water vapor did not have any effect on the catalysts prepared by the impregnation method. When comparing the SCS and impregnation methods at a space velocity of 2500 h−1, the advantage of the SCS method was approximately 7–9%.





3. Discussion


Since the CoAl2O4 spinel is the main catalytic component, the CH4 conversion depends on the parameters of the crystal lattice of this spinel. In CH4, the C–H bond length, which must be broken in accordance with the reaction mechanism, is 1.54 Å. In the spinel, the size of the crystal lattice varies from 1.559 to 1.561 Å. Changes in the parameters of the crystal lattice occur due to an increase in the Al content in the crystal lattice of cobalt oxide. These parameters are very close to the C–H parameter. Therefore, 60% Co(NO3)2 + 40% Al(NO3)3 and 30% Co(NO3)2 + 70% Al(NO3)3 catalysts demonstrate high activity.



As for the conversion of CO2, the length of the C–O bond in CO2 is 1.43 Å. CoxAly, which is present in these catalysts, has the closest lattice parameters. Higher conversions are observed on the 30% Co(NO3)2 + 70% Al(NO3)3 catalyst than on the 60% Co(NO3)2 + 40% Al(NO3)3 sample (Figure 8). Probably, this is due to the lattice parameter of 1.423 Å of the CoxAly phase in the 30% Co(NO3)2 + 70% Al(NO3)3 catalyst, which is close to the required 1.43 Å. Thus, activation of the C–O bond presumably takes place on CoxAly.



Composition of the catalysts was examined by XRD after each experiment (Figure 13). Mass of the 60% Co(NO3)2 + 40% Al(NO3)3 + 60% urea and 30% Co(NO3)2 + 70% Al(NO3)3 + 60% urea catalysts after the catalytic reaction decreased by 3.9% and 11.11%, respectively. It follows from the X-ray spectrum that carbon is formed after the experiments in addition to cobalt carbide, CoCx. In this case, the cobalt oxide disappears after the experiments, concomitant with the appearance of cobalt. Cobalt oxide is thus reduced to Co. This reaction causes a decrease in the weight of the catalyst after experiments.



Coking of the studied catalysts used for dry methane reforming was detected by SEM/EDX. The results presented in Figure 14 and Figure 15 show that the catalyst was carbonized after 8 h of operation and that the carbon fibers had a multichannel nano structure (Figure 16).




4. Materials and Methods


Catalysts based on Co and Al were prepared by the SHS method in solution–solution combustion synthesis. For the preparation of catalysts, pre-calculated amounts of nitrate salts were used: Co(NO3)2 × 6H2O (98–99% Sigma, Aldrich, St. Louis, MO, USA), Al(NO3)3 × 9H2O (98–99% Sigma, Aldrich), and urea (98%, LLP Labhimprom, Kazakhstan). These salts were pre-ground in an agate mortar and then mixed in a porcelain cup. Thereafter, 10 mL of distilled water was gradually added to this mixture of salts. The resulting mixture was stirred in air for several minutes until complete dissolution. A muffle furnace was preheated to the required temperature (up to 500 °C). The prepared mixture was transferred from a porcelain cup to a heat-resistant glass beaker with a volume of 200 mL and placed in the heated muffle furnace. After 2–3 min, when the muffle furnace door was not fully opened, it was visually possible to observe combustion in the solution, in which this mixture rose over the walls of the glass when boiling. Urea was added to the composition of SCS catalysts to improve the combustion process. The presence of urea in the catalyst promoted a change of the solution to a brown color during combustion. The beaker was then cooled in air, and the prepared catalyst was placed in a glass jug.



The second series of catalysts was prepared by the incipient wetness impregnation of dispersed α-Al2O3 (granule size 150–200 µm, S–57.7 m2g−1) by water solutions of metal nitrates with subsequent heating in air at 250 °C for 5 h, at 600 °C for 2 h, and at 900 °C for 1 h.



Temperature curves were measured during SCS in the muffle furnace heated to 500 °C. Three thermocouples were installed on top of the muffle furnace. All thermocouples were inside the glass. Thermocouples were in contact with the bottom, middle, and top layers of the solution. Two combustion modes—a volumetric explosion and a self-propagating mode—occurred during the synthesis of catalysts by solution combustion. The solution was heated, and water evaporated in the volumetric explosion mode. The gel formed after evaporation of water. The temperature in the muffle furnace gradually increased to critical. As soon as the temperature reached a critical value, the exothermic reaction took place throughout the entire volume of the catalyst.



Atomic structures of the catalysts were determined by X-ray diffraction measurements on a Siemens Spellman DF3 spectrometer with Cu-Kα radiation. KCl (10%) was added to samples as an internal standard to allow for a semi-quantitative XRD analysis. Brunauer–Emmett–Teller (BET) specific surface area was measured on a GAPP V-Sorb 2800 Analyzer using nitrogen as a carrier gas. In the process of solution combustion synthesis, the nanopowders were obtained; therefore, the porosity of them was not measured. The microstructures of the materials were examined after spatter coating with gold (coating thickness 5–10 nm) by a scanning electron microscope (Quanta Inspect from FEI) together with point EDX elemental analysis.



Experiments on the partial oxidation of methane to synthesis gas were carried out on a flow-type installation at atmospheric pressure in a tubular quartz reactor with a fixed catalyst bed without any pre-reduction. The catalyst was placed in the central part of the reactor, and quartz wool was placed above and below the catalyst bed. The catalytic reaction was carried out at 750, 800, 850, and 900 °C using a mixture of CO2:CH4 in the ratio of 1:1 as the feed. The basic dry reforming of the methane reaction is


CO2 + CH4 → 2CO + 2H2



(1)







In addition to the reforming process, by-products were formed by the following reactions:


CH4 + CO2 → 2C + 2H2O



(2)






CO2 + CH4→ CO + CxHy



(3)







Such by-products were observed for the majority of catalysts in very small amounts, indicating very high selectivity for CO and H2.



Analyses of the initial mixture and reaction products were carried out using a chromatograph “Chromos GC-1000” with the “Chromos” software and on a chromatograph “Agilent Technologies 6890N” (Santa Clara, CA, USA) with the corresponding computer software. Chromatograph “Chromos GC-1000” was equipped with packed and capillary columns. The packed column was used for the analysis of H2, O2, N2, CH4, C2H6, C2H4, C3-C4 hydrocarbons, CO, and CO2, while the capillary column was used to analyze hydrocarbons. Temperature of the TC detector was 200 °C, the evaporator temperature 280 °C, and column temperature 40 °C. Carrier gas Ar velocity was 10 mL min−1. A HP-PLOT Q capillary column, 30 m long and 0.53 mm in diameter, filled with polystyrene-divinylbenzene was used for analysis on an “Agilent Technologies 6890N” chromatograph.



The chromatographic peaks were calculated from the calibration curves plotted for the respective products using the “Chromos” software for pure substances (accurately measured quantities of the pure component or mixture of substances with known concentrations were injected into the chromatograph using a microsyringe). Based on the measured areas of the peaks, corresponding to the amount of the introduced substance, a calibration curve V = f (S) was constructed, where V is the amount of substance in mL, and S is the peak area in cm2. Concentrations of the obtained products were determined on the basis of the obtained calibration curves. The balance of regulatory substances and products was ± 3.0%.




5. Conclusions


Catalysts prepared by SCS and incipient wetness methods based on Co(NO3)2-Al(NO3)3-urea systems were investigated in dry reforming of methane (model biogas). Analysis of the catalysts using XRD, SEM, TEM, and BET methods provided useful information in understanding the catalytic activity. The influence of the composition of initial components on formation of spinels, which were active in dry reforming of methane, was established. Temperature curves measured during SCS showed a second peak after SCS. This could only be explained by the reaction of carbon with metal oxides. Only reaction Al2O3 + C → Al + CO2 could explain the presence of Al in the product of reaction because hydrogen, which appears during the reaction, cannot reduce Al2O3 under conditions of synthesis. There are advantages of SCS catalysts in comparison with the catalysts prepared by traditional impregnation methods in dry reforming of methane. SCS is an express method (synthesis of the catalyst is carried out within a few minutes). This is an economical method (exothermic reaction is used for preparation of spinels at low temperatures). The synthesis of spinels is possible due to the formation of oxides from nitrates with high defect structure. These oxides can react with each other at much lower temperatures than oxides with well-formed crystal lattices. Because of exothermic reactions during SCS, the temperature rises by more than 1000 °C, the reaction rate is high, and the formed crystal lattice has a defective structure and is very active in catalysis. These conditions are also very suitable for tuning the crystal lattice of spinels and, accordingly, the activity of catalysts.







Author Contributions


Conceptualization, G.X. and S.A.T.; Methodology, G.X.; Validation, M.Z.; Formal Analysis, G.V. and D.Y.M.; Investigation, M.Z.; Writing—Original Draft Preparation, T.S.B.; Writing-Review & Editing, T.S.B.; Supervision, S.A.T.; Project Administration, T.S.B.; Funding Acquisition, S.A.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Science Committee of the Ministry of Education and Science of the Republic of Kazakhstan (grant number AP08855562, AP08052090).




Data Availability Statement


The data presented in this study are available upon request from the corresponding author.




Acknowledgments


The authors are especially grateful to the staff of the laboratory of physical and chemical research methods.




Conflicts of Interest


The authors declare no conflict of interest. The funding sponsors had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to publish the results.




References


	



Havran, V.; Duducovic, M.P.; Lo, C.S. Conversion of methane and carbon dioxide to higher value products. Int. Eng. Chem. Res. 2011, 12, 7089–7100. [Google Scholar] [CrossRef]

	



Pino, L.; Vita, A.; Laganà, M.; Recupero, V. Hydrogen from biogas: Catalytic tri-reforming process with Ni/LaCeO mixed oxides. Appl. Catal. B 2014, 148–149, 91–105. [Google Scholar] [CrossRef]

	



Bonura, G.; Cannilla, C.; Frusteri, F. Ceria-gadolinia supported NiCu catalyst: A suitable system for dry reforming of biogas to feed a solid oxide fuel cell (SOFC). Appl. Catal. B 2012, 121–122, 135–147. [Google Scholar] [CrossRef]

	



Heciak, A.; Morawski, A.W.; Grzmil, B.; Mozia, S. Cu-modified TiO2photocatalysts for decomposition of acetic acid with simultaneous formation of C1-C3 hydrocarbons and hydrogen. Appl. Catal. B 2013, 140–141, 108–114. [Google Scholar] [CrossRef]

	



Zeng, Y.X.; Wang, L.; Wu, S.F.; Wang, J.Q.; Shen, B.X.; Tu, X. Low temperature reforming of biogas over K-, Mg- and Ce-promoted Ni/Al2O3 catalysts for the production of hydrogen rich syngas: Understanding the plasma-catalytic synergy. Appl. Catal. B 2018, 224, 469–478. [Google Scholar] [CrossRef]

	



Lino, A.V.P.; Assaf, E.M.; Assaf, J.M. Hydrotalcites derived catalysts for syngas production from biogasreforming: Effect of nickel and cerium load. Catal. Today 2017, 289, 78–88. [Google Scholar] [CrossRef]

	



Elsayed, N.H.; Roberts, N.R.M.; Joseph, B.; Kuhn, J.N. Comparison of Pd-Ni-Mg/ceria-zirconia and Pt-Ni-Mg/ceria-zirconia catalysts for syngas production via low temperature reforming of model biogas. Top. Catal. 2016, 59, 138–146. [Google Scholar] [CrossRef]

	



Moral, A.; Reyero, I.; Alfaro, C.; Bimbela, F.; Gandía, L.M. Syngas production by means of biogas catalytic partial oxidation and dry reforming using Rh-based catalysts. Catal. Today 2018, 299, 280–288. [Google Scholar] [CrossRef]

	



Karakaya, M.; Onsan, Z.I.; Avci, A.K. Microchannelautothermal reforming of methane to synthesis gas. Top. Catal. 2013, 56, 1716–1723. [Google Scholar] [CrossRef]

	



Tathod, A.P.; Hayek, N.; Shpasser, D.; Simakov, D.S.A.; Gazit, O.M. Mediating interaction strength between nickel and zirconia using a mixed oxide nanosheets interlayer for methane dry reforming. Appl. Catal. B 2019, 249, 106–115. [Google Scholar] [CrossRef]

	



Touahra, F.; Chebout, R.; Lerari, D.; Halliche, D.; Bachari, K. Role of the nanoparticles of Cu-Co alloy derived from perovskite in dry reforming of methane. Energy 2019, 171, 465–474. [Google Scholar] [CrossRef]

	



Nagaraja, B.M.; Bulushev, D.A.; Beloshapkin, S.; Chansai, S.; Ross, J.R.H. Potassium-doped Ni-MgO-ZrO2catalysts for dry reforming of methane to synthesis gas. Top. Catal. 2013, 56, 1686–1694. [Google Scholar] [CrossRef]

	



Arkatova, L.A.; Pakhnutov, O.V.; Shmakov, A.N.; Naiborodenko, Y.S.; Kasatsky, N.G. Pt-implanted intermetallides as the catalysts for CH4-CO2 reforming. Catal. Today 2011, 171, 156–167. [Google Scholar] [CrossRef]

	



Xanthopoulou, G.; Thoda, O.; Roslyakov, S.; Steinman, A.; Kovalev, D.; Levashov, E.; Vekinis, G.; Sytschev, A.; Chroneos, A. Solution combustion synthesis of nano-catalysts with a hierarchical structure. J. Catal. 2018, 364, 112–124. [Google Scholar] [CrossRef]

	



Manukyan, K.V.; Cross, A.; Roslyakov, S.; Rouvimov, S.; Rogachev, A.S.; Wolf, E.E.; Mukasyan, A.S. Solution combustion synthesis of nano-crystalline metallic materials: Mechanistic studies. J. Phys. Chem. C 2013, 117, 24417–24427. [Google Scholar] [CrossRef]

	



Cross, A.; Roslyakov, S.; Manukyan, K.V.; Rouvimov, S.; Rogachev, A.S.; Kovalev, D.; Wolf, E.E.; Mukasyan, A.S. In situ preparation of highly stable Ni-based supported catalysts by solution combustion synthesis. J. Phys. Chem. C 2014, 118, 26191–26198. [Google Scholar] [CrossRef]

	



Mukasyan, A.S.; Roslyakov, S.; Pauls, J.M.; Gallington, L.C.; Orlova, T.; Liu, X.; Dobrowolska, M.; Furdyna, J.K.; Manukyan, K.V. Nanoscale metastable ε-Fe3N ferromagnetic materials by self-sustained reactions. Inorg. Chem. 2019, 58, 5583–5592. [Google Scholar] [CrossRef] [PubMed]

	



Shteinberg, A.S.; Lin, Y.C.; Son, S.F.; Mukasyan, A.S. Kinetics of high temperature reaction in Ni-Al system: Influence of mechanical activation. J. Phys. Chem. A 2010, 114, 6111–6116. [Google Scholar] [CrossRef]

	



Varma, A.; Mukasyan, A.S.; Rogachev, A.S.; Manukyan, K.V. Solution combustion synthesis of nanoscale materials. Chem. Rev. 2016, 116, 14493–14586. [Google Scholar] [CrossRef] [PubMed]

	



Karanasios, K.; Xanthopoulou, G.; Vekinis, G.; Zoumpoulakis, L. Co-Al-O catalysts produced by SHS method for CO2 reforming of CH4. Int. J. Self-Prop. High-Temp. Synth. 2014, 23, 221–229. [Google Scholar]

	



Xanthopoulou, G. Some advanced applications of SHS: An overview. Int. J. Self-Prop. High-Temp. Synth. 2011, 20, 269–272. [Google Scholar] [CrossRef]

	



Tungatarova, S.A.; Xanthopoulou, G.; Karanasios, K.; Baizhumanova, T.S.; Zhumabek, M.; Kaumenova, G. New composite materials prepared by solution combustion synthesis for catalytic reforming of methane. Chem. Eng. Trans. 2017, 61, 1921–1926. [Google Scholar] [CrossRef]

	



Xanthopoulou, G.; Karanasios, K.; Tungatarova, S.; Baizhumanova, T.; Zhumabek, M.; Kaumenova, G.; Massalimova, B.; Shorayeva, K. Catalytic methane reforming into synthesis-gas over developed composite materials prepared by combustion synthesis. React. Kinet. Mech. Catal. 2019, 126, 645–661. [Google Scholar] [CrossRef]

	



Deorsola, F.A.; Andreoli, S.; Armandi, M.; Bonelli, B.; Pirone, R. Unsupported nanostructured Mn oxides obtained by solution combustion synthesis: Textural and surface properties, and catalytic performance in NOx SCR at low temperature. Appl. Catal. A 2016, 522, 120–129. [Google Scholar] [CrossRef]

	



Kong, Z.; Wang, C.; Ding, Z.; Chen, Y.; Zhang, Z. Enhanced activity of MnxW0.05Ti0.95−xO2−δ for selective catalytic reduction of NOx with ammonia by self-propagating high-temperature synthesis. Catal. Commun. 2015, 64, 27–31. [Google Scholar] [CrossRef]








[image: Catalysts 11 00274 g001 550] 





Figure 1. X-ray spectra for the Co(NO3)2 + Al(NO3)3 + urea + H2O system at a preheating temperature of the initial mixture of 500 °C. 
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Figure 2. Temperature curves during SCS of sample with initial batch 30% Cο(ΝΟ3)2 + 70% Al(NO3)3 + 60% urea. 
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Figure 3. Change in the intensity of XRD peaks depending on the concentration of Al(ΝΟ3)3 in the initial mixture. (a) 1—CoAl2O4/Co3O4, 2—CoAl2O4/CoO; (b) 1—CoAl2O4/Al, 2—CoAl2O4/AlCo; (c) 1—Co2AlO4/Co3O4, 2—Co2AlO4/CoO; (d) 1—Co2AlO4/Al, 2—Co2AlO4/AlCo. 
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Figure 4. Effect of the concentration of Αl(ΝΟ3)3 in the initial mixture on the size of the crystal lattice for CoAl2O4, Co2AlO4, Co3O4, CoO, AlCo, Αl: (a) 1—CoAl2O4 (hkl = 511), 2—Co2AlO4 (hkl = 511), 3—Co3O4 (hkl = 511); (b) 1—Al (hkl = 311), 2—AlCo (hkl = 200), 3—CoO (hkl = 200). 
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Figure 5. Dependence of the crystallite size on the concentration of Al(NO3)3; 1—CoAl2O4 (511), 2—Co2AlO4 (511), 3—Co3O4 (511), 4—CoO (200), 5—AlCo (200), 6—Al (311). 
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Figure 6. SEM images of the catalyst with the initial composition of 30% Cο(ΝΟ3)2 + 70% Al(NO3)3 at T = 500 °C and EDS of the catalyst at the point indicated in the photo. 
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Figure 7. SEM image of the catalyst with the initial composition of batch 60% Cο(ΝΟ3)2 + 40% Al(NO3)3 at T = 500 °C and EDS of catalyst at the point indicated in the photo. 
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Figure 8. Conversion of CH4 (a) and CO2 (b), H2/CO ratio (c), Η2 yield (d) and CO (e) for SCS co-catalysts depending on the reaction temperature of the carbon dioxide conversion of methane; 1: 60% Cο(ΝΟ3)2 + 40% Al(NO3)3 + 60% urea; 2: 30% Cο(ΝΟ3)2 + 70% Al(NO3)3 + 60% urea. GHSV = 860 h−1. 
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Figure 9. Effect of space velocity on conversion of CH4, CO2 and Η2/CO ratio at 900 °C (a) in reaction products, and Η2 and CO yields (b). (a) 1—CH4 conversion, 2—CO2 conversion, 3—H2/CO ratio; (b) 1—H2 yield, 2—CO yield. 
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Figure 10. Dependence of the conversion of CH4, CO2, Η2/CO ratio and yields of products vs. time-on-stream. (a) 1—CH4 conversion, 2—CO2 conversion, 3—H2/CO ratio; (b) 1—H2 yield, 2—CO yield; GHSV = 3300 h−1. 






Figure 10. Dependence of the conversion of CH4, CO2, Η2/CO ratio and yields of products vs. time-on-stream. (a) 1—CH4 conversion, 2—CO2 conversion, 3—H2/CO ratio; (b) 1—H2 yield, 2—CO yield; GHSV = 3300 h−1.



[image: Catalysts 11 00274 g010]







[image: Catalysts 11 00274 g011 550] 





Figure 11. Effect of the catalyst preparation conditions on the yield of H2 and CO at 900 °C for the 30% Cο(ΝΟ3)2 + 70% Al(NO3)3 + 60% urea catalyst; 1—yield of H2, 2—yield of CO, GHSV-3300 h−1. 
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Figure 12. Dependence of the yield (a) and selectivity (b) on the addition of water vapor to reaction mixture; 1—H2, 2—CO without water vapor; 3—H2, 4—CO in the presence of water vapor. 
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Figure 13. X-ray spectra for catalysts before and after the reaction. 
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Figure 14. SEM images of the 30% Cο(ΝΟ3)2 + 70% Al(NO3)3 catalyst (synthesis temperature T = 500 °C) after 8 h of operation, and EDS at the point marked in the image. 
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Figure 15. SEM images of the 60% Cο(ΝΟ3)2 + 40% Al(NO3)3 catalyst (synthesis temperature T = 500 °C) after 8 h of operation, and EDS at the point marked in the image. 
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Figure 16. TEM images of the carbon fibers on the catalyst, which worked for 8 h. 
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Table 1. Solution combustion reactions of the Co(NO3)2 + Al(NO3)3 + H2O + urea system.
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	Reactions
	Remarks





	2Al(NO3)3 + 5CH4N2O + Co(NO3)2 → Co + CoO + CoxAly + CoxAl2–xO3 + 5CO2 + 8N2 + 10H2O
	500 °C. The total reaction



	Al2O3 + C → Al + CO2, CoO + C → Co
	Carbon is formed by burning urea and reduces oxides to metal



	Al+Ο2 → Al2O3
	ΔH°278 = −3352 kJ/mol, exothermic reaction. The reduced metals can partially oxidize or react with another metal



	Co+O2 → CoO
	ΔH°278 = −475.8 kJ/mol, exothermic reaction



	Al2O3 + CoO → CoAl2O4, Al2O3 + CoO → Co2AlO4
	Synthesis of spinel, endothermic reaction



	Co + Al→ CoxAly
	Synthesis of intermetallic compound
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Table 2. The initial compositions of salts and final catalyst composition at 500 °C preheating temperature of solution.






Table 2. The initial compositions of salts and final catalyst composition at 500 °C preheating temperature of solution.





	Starting Compounds
	Catalysts Composition





	60% Co(NO3)2 + 40% Al(NO3)3 + 60% urea + 3 mL H2O
	CoAl2O4, Co2AlO4, Co3O4, CoO, Al, AlCo



	50% Co(NO3)2 + 50% Al(NO3)3 + 60% urea + 3 mL H2O
	CoAl2O4, Co2AlO4, Co3O4, CoO, Al, AlCo



	40% Co(NO3)2 + 60% Al(NO3)3 + 60% urea + 3 mL H2O
	CoAl2O4, Co2AlO4, Co3O4, CoO, Al, AlCo



	30% Co(NO3)2 + 70% Al(NO3)3 + 60% urea + 3 mL H2O
	CoAl2O4, Co2AlO4, Co3O4, CoO, Al, AlCo
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
o

Al
o
o

G b Tl 1% w0 s0 ew B WV





media/file4.png
700

Ttop

N
o
o

T middle

un

Q

Q
I

T bottom

. w o

o o o

o o o
| | |

Combustion temperature (0C)

[y

o

o
|

0 T T T T

0 100 200 300 400 500 600 700 800 900
Combustion time (s)





media/file30.png





media/file18.png
Conversion (%)

100

90

80

70

60

1.1

- 1.05
-1

- 0.95
- 0.9
- 0.85
0.8
- 0.75

I I 1

2000 4000 6000
Space velocity (h-1)

0.7
8000

H2/CO

Yield (%)

100
90
380
70
60

40

500

1500

2500 3500 4500
Space velocity (h-1)

5500

6500





media/file21.jpg
S828RKS
(%) PIFIX





media/file26.png
Intensity (au.)

200
150
100

50

200
150
100

150
100
50

200
150
100
50

0

60% Co(INO3)2 + 40% AWNO3)3 + 60% urea betore

1 CoAlO4
2 Al

3 AlCo

4 CoO

5 Co304

6 CoAl2O4

(= R

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
3 30% Co(NO3)2 + 70% ANNO3)3 + 60% vrea before
5

1 lﬁ
6113 3 :‘lﬁ"”

Oy Ly

3 Co304
6 CoAlDO4

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
30% Co(NO3)2 + 70%: ANNO3)3 + 60%: vrea after
1 Co2AlO3
5 2 CoAlO4
3CoCx
' 4C

& - 6 3 4 5Co
5 6 AlO3
i 2 WA L
[ o e i Jﬁn.l_..l-ﬂ.ﬂ. [ et = e R e Ok .‘.

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
206 (degree)

Laa b b=
I





media/file27.jpg





media/file3.jpg
°C)

(

Combustion temperat

700

3
8
8

g
8

N
8
8

8
8

8
8

—Ttop

——Tmiddle

——Tbottom

100

200

300 400 500 600
Combustion time (s)

700

800

900





media/file22.png
&

°cg 83
(o) PIRIA

Impregnation

SHS





media/file19.jpg
100

P
8
i
o

M
o

100

200 00 a0
Time-onstream (min)

00

100

099
09
097
096

095
00

o

10

200 300 a0
Tt v ()

00 60





media/file7.jpg
152 185 2 213

- 213

136 10 213

Lo 1 2

2 213 2

Sisse £ - 2129

L L 5 218

e 21z

215

1552 125 ' 2128

- e g [

155 12 2
0 0 s w o e s B

Comentration of AKNO23 09 Concentragon of AINO3S(%6)





media/file28.png
v,

& P
7
.
P
9/19/201 g tilt um
0:21:56 AM | 25 00 500 x|{11.8 mm 0 pe 18334 - Demokritos
-
ke ( -
a
b -
s
v {
- >
- - -
12 P HV g ND HFW il 1 um
1:25:56 0.00 kV 000 mm  3.00 ym Sp 34 Jer ritos






media/file10.png
55 60 65 70 75

50
Concentration of AI(NO3)3 (%)

45

40






media/file32.png





media/file14.png
Co

Co

0.80 160 240 320 400 480 560 640 720 keV






media/file11.jpg
A

o

o






media/file6.png
=
= R PR
= b M

Intensity (a.u.)
-8

0.95 +
0.9 -
0.85 A

0.8

35

45

I I
55 65

Concentration of AI(NO3)3 (%)

75

35

45
Concentration

55 65
of Al(NO3)3 (%)

350
300
250
200
150
100
50

-50
-100

350
300
250
200
150
100
50

-50
-100

Intensity (a.u.)

Intensity (a.u.)

—
o

o
o

[
un

M
o

=
L

(]
(¥

[
o

[
N

I I I
35 45 55 65 75
Concentration of AI(NO3)3 (%)
d
[ I I
35 75

45 55 65
Concentration of AI(NO3)3 (%)





media/file15.jpg
50

N 20
E i Ew 2
i d i T
ge gw
o v w m
o) Ehpeaidoc)
4
"
w B
8] e - d
8] e ?;w
E
o w©
o e s w o wo o
Temperature (0€) Temperature (0C)
w0 B
g%
£ =
BN
o
%
o
w0 o o wme w0

Temperature (oC)





nav.xhtml


  catalysts-11-00274


  
    		
      catalysts-11-00274
    


  




  





media/file16.png
CO yield (%)

=
-
o

[

-

-
|

Temperature (0C)

S S 90 - 2
E 90 ‘el
2 80 E 80 1 1
5 70 S 70 A
] o
U 60 I | | I 8 o0 I T T |
700 750 800 850 900 950 700 750 800 850 900 950
Temperature (0C) Temperature (°C)
d
1.4 -
100 -
1.2 =)
O 2
o - 1 5 — = 80 - ! 2
i ./l—l-/. ¢
= 0
0.8 - -
w
0.6 | T | | 40 . T T T
700 750 800 850 900 950 /700 /750 &00 &850 900 950
Temperature (°C) Temperature (0C)
e
100 A
90 -
&0 A
70 A
60 A
50 A
40 | I I |
700 750 &00 &50 900 950





media/file2.png
Intensity (a.u.)

800
600
400
200

800
600
400
200

800
600
400
200

800
600
400
200

=

60%Co(INO3)3+40%AUNOT)3+60% urea

1
1Co0 3 T=5000C
5 Co304

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

30%Co(NO3)3+H30%AUNOT)3+H60% urea
T=5002C

) o it

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

40%Co(NO3)3+60%AINO3)3+60% urea
1 T=500°C

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 50 95 100

1

6 #5 30%Co(NO3)3+T70%ANNO)3+H60% urea

T=3000C

1 83
5\,;,5"!1;’

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
20(degree)





media/file20.png
Conversion (%)
co W o w o w o wow O
Lo © N B OO0 0 O

100

200 300 400
Time-on-stream (min)

500

600

1.01
1
0.99
0.98 S
0.97 &
0.96

0.95

Yield (%)

100
98
96
94
92
90
88
86

100

200 300 400
Time-on-stream (min)

500

600





media/file23.jpg
g

Selectivity (%)

88 8 8

Temperature (0C)






media/file5.jpg
3 a5 s g
‘Concentration of AINO3)3 (%)

Concentration of AINO3)3 (%)

Intensity (a..)
E

Intensity (a1)

P )
% Condentration of ACNO) %)

P
Concentration of AKNO3)3 %)





media/file24.png
900 850
Temperature (0C)

850

S 8 8 §
™ (%) £11A1193]28

20

0

Temperature (0C)






media/file29.jpg
o

Al

Au
Co

d [

030 160 240 3 0 180 @ el B kv





media/file1.jpg
Intensity (au)

600

SOUCANO5HANO)360% vea
T=s000C.

1 13
< 23 A

Gt ol iastd el A et s anid satid et it it
1520 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

i SOUCOMNO3)3+S0%AKNOR 3+ 60%hres
i T=s005C.

200 4

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
40%CONO3)3-60UAINO)s+ 60 res
T=s000C

13

5 6,605

36 Kys S
Y

800
600 4

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
6ph 30%CoMNO3)3+ T0%AKNOZ)3 60 rea

. . s

' w18

; i Y

¢ Y )

S S Se————————
15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

20 (degree)





media/file31.jpg





media/file25.jpg
60% ColNO3)2 + 0% AIINO3)3 + 60% urea betore

200 4
e,
B
e
B
e
sy
tenos
B
2 B
2 0
Z Sah0s
E 1520 25 30 35 40 45 50 55 60 65 70 75 §0 §5 90 95 100
200 - o Pl 0tk i
160
150 tepu
100 4 ico
E e
0 &l
(E.
1520 25 30 35 40 45 50 55 60 65 70 75 80 §5 90 95 100
200 4 g 30CorNO3N + T0% AUNOP3 - 0% b after

15 20 25 30 35 40 45 50 55 60 65 70 75 0 85 90 95 100
26 (degree)





media/file12.png
Al

Co

Co

140 210 280

350 420 490 560 630 700 keV






media/file9.jpg
55 60 65 70 75
Concentration of AI(NO3)3 (%)

50

a5

40

w
Ky
2 929299 g o
8 3 2 8RR 2

(urn)oz1s aponred o3eIAY





media/file0.png





media/file8.png
1.55 T T T T
30 40 50 60 70 &0
Concentration of AI(NO3)3 (%)

1.45
1.4

‘et 1.35
1.3

1.25

1.2

30

40
Concentr

50 60 70
ation of AI(NO3)3(%)

2.134
2.133
2.132
2.131
2.13

2.129
2.128
2.127
2.126
2.125
2.124
2.123





media/file17.jpg
Conversion (%),

3 3 8 2

1
o
1 90 2
.. femsew
=
. o e, iviga = 500 1500 2500 3500 4500 5500 6500

Space velocity (1)

‘Space velocity (b-1)





