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Introduction

Since the industrial revolution in the second half of the XVIII th century, anthropogenic emission of carbon dioxide into the atmosphere has been constantly increasing. The latest, the Intergovernmental Panel on Climate Chang (IPCC) sixth assessment report, forecasts that some impacts of climate change are more widespread and too severe to adapt to. If no immediate, rapid, large-scale reductions in greenhouse gas emissions, including carbon dioxide, are taken, limiting global warming in the next decades to close to 1.5 -2 °C will be impossible. To implement climate-neutral energy systems, carbon capture and storage (CCS) and carbon capture utilization (CCU)

technologies (CCUS technologies together) need to be developed and implemented.

Especially CCU technologies are promising, allowing for the synthesis of added-value products from waste carbon dioxide. Some of those processes are based on catalytic methods, such as: Fischer-Tropsch synthesis, dry reforming of methane (DRM), hydrogenation of CO2 to methane, methanol, and other compounds. Thus, CO2 valorization to added-value products is an important perspective.

CO2 hydrogenation to methane is emerging as a promising method for the utilization of carbon dioxide and the production of synthetic natural gas (SNG). Currently, the representative CO2 methanization plant in Wertle (Audi) produces approximately 1000 metric tons of SNG per year from ca. 2800 metric tons of carbon dioxide. The obtained e-gas is later used mainly as a fuel for cars. CO2 methanation as a process has two sensitive issues. The first one is a source of hydrogen; to produce it in high volumes, the most common solution is water splitting. Such method consumes large amounts of energy and is environmentally beneficial only when the delivered power is carbon-free (nuclear power, solar or wind energy, etc.) or in the worst case comes from the off-peak energy. The second problem is the application of active and stable catalyst. For economic and environmental reasons, catalysts based on noble metals are not favored. The nickel catalyst was reported to obtain catalytic activity similar to that of the materials with noble metals, however, with the higher concentration deposited.

Under conditions such as increased temperature (in the range of 300-400 °C) and presence of carbon dioxide in the feed gases, deactivation of the catalyst is highly possible, mainly caused by the sintering of the metal crystallites. Coke deposition is not thermodynamically favored reaction under the typical CO2 methanation conditions. To preserve the catalyst from sintering, it is important to choose the synthesis method, in which interaction between the support and active phase can be improved, and likewise application of the most optimized (usually oxide) matrix as a carrier. Reduction of the sintering phenomenon leads to the improved stability of the catalyst. Another possibility of improving the catalytic performance is the addition of promoters.

Hydrotalcite-derived catalysts have been reported to be an effective material for CO2 hydrogenation to methane. Its adjustable composition, allowing for introduction of both bivalent and trivalent metals, makes it a convenient pathway for the synthesis of a multielemental catalyst with tuned surface properties. The thermal decomposition of the hydrotalcite-derived precursor leads to the formation of nano oxides. Ni-Mg-Al hydrotalcites promoted with Y, Ce, and La were reported as a very good catalyst for the CO2 methanation reaction. However, the mentioned promoters are considered expensive.

The cost-effective promoter such as Cu or Co is necessary. Second, the synthesis of hydrotalcite is a process that involves several energy-consuming steps (aging, drying, and calcination) and an abundance of wastewater is produced. The optimization of the synthesis of mixed nano-oxides is necessary, in order to possible reduce the number of steps, with an effective way of promoter introduction. Solution combustion synthesis, due to its simplicity and wide spectrum of adjustment of the synthesis conditions, is an interesting pathway to obtain mixed nano-oxides. When several possible heat sources are considered, fuel content, different thermal regime of the reaction, and the possibility of synthesis of a catalyst with properties similar to those of the hydrotalcite-derived one is very high.

The pulverized catalytic bed used in fixed-bed reactors is one of the most studied solutions. The density of the catalyst is relatively high inside such a bed, which leads to the mass and heat transfer limitations and a pressure drop. Furthermore, considering the nature of CO2 methanation, hot spots are formed in such reactor. It leads to ununiform deactivation of the catalyst. To limit this phenomenon, lowering the density of the catalytic bed is worth testing. Use of cenospheres, which are empty glass-like beads or open-cell foams, as a carrier for the nickel catalyst may be a solution to improve the diffusion of gases inside the reactor.

Objectives of the thesis

The present thesis focused on the optimization and design of the catalyst for CO2 

II.

Optimization of solution combustion synthesis to obtain a catalyst for CO2 methanation with composition and catalytic properties similar to those derived from hydrotalcite.

III.

Optimization of the promoter introduction method for catalyst derived from solution combustion synthesis.

IV. Application of cenospheres as a support for the CO2 methanation reaction.

V.

Study on an open cell foam-based catalyst for the CO2 methanation reaction.

Carbon dioxide valorisation

Carbon dioxide in the environment

Carbon dioxide is a gas naturally present in the atmosphere from the early stages of its formation and plays a crucial role in shaping the climate. Since the industrial era, the CO2 content in the atmosphere has begun to increase significantly due to anthropogenic actions [1]. First, the entire role and presence of CO2 in the environment should be explained and discussed. Although carbon dioxide has a very small contribution to atmospheric air, its presence is a double-edged sword. It is a crucial photosynthesis ingredient for the flora and, fauna of the Earth, and, on the other hand, it is a greenhouse gas, which leads to a discussion on its safe level in the atmosphere [1].

Figure 3.1 represents the composition of the main constituents of dry atmospheric air (with a CO2 value from March 2022). The most significant in the case of volume are N2, O2, Ar and water vapour. Since its volume varies significantly from 10 ppm in the coldest atmosphere regions, up to even 5% in hot and humid air, water vapour was not included in Fig. 1 Other constituents are termed trace gases. These are greenhouse gases such as CO2, CH4, and noble gases: Ne, He and Kr. Atmospheric air also contains a variety of natural species, such as pollen, mineral dust, spores, and volcanic ash, together with wide spectra of industrial pollutants (chlorine, fluorine, sulphur compounds, nitrogen oxides, etc.) [2].

Greenhouse gases (GHGs) are those that tend to absorb and reradiate ultraviolet solar radiation within the atmosphere of the Earth [3]. The content of GHG in the atmospheric air is a key factor. To some extent, its presence is beneficial and plays the role of a thermostat for the natural environment. Absorbed energy is utilized to heat the atmosphere, keeping the average temperature at a level that allows organisms to adapt naturally to the environment. The increase in the share of greenhouse gases induces an amount of adsorbed radiation and results in an increase in the average temperature of the Earth [3].

The carbon dioxide content in the air is greater than 419 ppmv. This number has been increasing constantly since the beginning of the Industrial Revolution in England in the nineteenth century. The invention of the steam engine and, later, the improvement of technology by James Watt was the foundation for the first and second phases of industrialization [4]. The steam engine work was based on the combustion of mainly solid fuels, such as coal. In this process, energy was produced in the form of heat, later boil the water and producing steam that brought the engine to movement [5]. The CO2 content in the atmosphere before the industrial era was found to be 280 ppm. Taking into account the recent dynamics in the increase in CO2, its number can reach even 600 ppm before the end of the XXI century. The average surface temperature for the period 2006-2015 was 1.53 ° C higher than for the period 1850-1900 [6]. The following chapter will focus on the reasons and consequences of such changes and possible solutions.

Physical and chemical properties of CO2

As a molecule, carbon dioxide is made up of a carbon atom covalently doublebonded to two oxygen atoms. The molecule is linear and centrosymmetric with hybridization type sp and an angle between C=O bonds of 180°, which generally excludes the electrical dipole nature [7]. Table 3.1 presents a comparison of various properties of CO2. Carbon dioxide is a nonflammable, colorless gas with a slightly bitter taste [8].

Under atmospheric conditions, it is usually present as a gas phase (Fig. 3.2); however, its liquefaction and solidification (to dry ice) are also possible under ambient pressure, with reduced temperature [START_REF] Span | A new equation of state for carbon dioxide covering the fluid region from the triple-point temperature to 1100 K at pressures up to 800 MPa[END_REF]. According to the phase diagram (Fig. 3.2), carbon dioxide does not have a liquid state at pressures below the triple point [START_REF] Witkowski | Analysis of pipeline transportation systems for carbon dioxide sequestration[END_REF]. The specific density of carbon dioxide is 1.5291, making the gas heavier than the air. As an oxide with acidic properties, the molecule is stable and compatible with chemically active metals, such as alkali metals. CO2 exhibits solubility in water. Among the possible carbon dioxide solvents, organic liquids such as acetone, methanol, methyl acetate, and diethyl ether have satisfactory capacities [START_REF] Chang | The solubility of carbon dioxide in organic solvents at elevated pressures[END_REF]. After dilution in water, carbon dioxide forms carbonic acid (Eq. 3.1), which is a weak diprotic acid that later undergoes partial or total hydrolytic dissociation, forming a bicarbonate or carbonate ion [7].

CO2 + H2O → H2CO3 Eq. 3.1

However, a major part of the CO2 diluted in water is not converted to carbonic acid, remaining in molecular form, without influence on pH. 

Natural sources of CO2 and its role in the ecosystem

Most likely, CO2 appeared in the atmosphere with the first volcanic eruptions, together with water vapour and ammonia [START_REF] Mulhern | A 4.5 Billion-Year History of CO2 in our Atmosphere[END_REF]. The gases produced are later dissociated in the oceans, allowing cyanobacteria to perform photosynthesis with oxygen as a product. Since then, CO2 has been the crucial element of the carbon cycle, the biogeochemical cycle in which carbon undergoes exchange between the biosphere, the pedosphere, the geosphere, the hydrosphere, and the atmosphere. In addition to the water cycle and the nitrogen cycle, the carbon cycle is a series of processes that are key to the sustainability of the Earth [13]. Figure 3.3 shows the carbon cycle. Most of the carbon present in the Earth is stored in the lithosphere as rocks, soil and fossil fuels, the rest is found in flora and fauna, oceans, and the atmosphere [13]. The Earth and its atmosphere are a closed environment, the total amount of carbon in this system does not change, the only variable is its distribution in individual spheres [14]. Carbon is exchanged between the reservoirs and flows at a fast or slow rate, depending on the component. This cycle prevents the entire carbon from entering the atmosphere or being completely trapped in the lithosphere, while at the same time playing the role of a natural thermostat of the planet. A slow carbon cycle starts with the movement of CO2 with rain from the atmosphere to the lithosphere. Surface rain is responsible for the chemical weathering of rocks, releasing Ca, Mg, Na, K, and other ions to the water tanks. In the ocean, Ca 2+ ions combine with bicarbonate ions, forming calcium carbonate [13]. Oceans stabilize the level of CO2 in the atmosphere, throughout biological (production and decomposition of organic matter), physical (circulation), and chemical (buffering effect) processes, maintaining the equilibrium between the partial pressure of carbon dioxide in the atmosphere and over the surface of water reservoirs [15]. The slow carbon cycle also includes all long-term geochemical processes and geological cycles, in which carbon is transported through the crust of the Earth, forming rocks and fossil fuels [14,16].

The fast carbon cycle is based on processed substances present mainly in the biosphere, where carbon movement occurs between terrestrial and marine ecosystems, soils, seafloor sediments, and the atmosphere. It includes annual and decadal cycles based on photosynthesis and vegetation [16,[START_REF] Rothman | Atmospheric carbon dioxide levels for the last 500 million years[END_REF].

Without a doubt, there is a large natural flux of atmospheric carbon dioxide both into and out of the biosphere. Before the industrial era, each of these carbon fluxes was sufficiently balanced with the entire system so that little net carbon dioxide flowed between the biosphere, lithosphere, atmosphere and hydrosphere, with a relatively small change in atmospheric CO2 [18]. Carbon dioxide was released into the atmosphere from natural sources regardless of the existence of the human race. As the largest natural source of CO2 is considered, its emission from the oceans to the atmosphere, which is part of the ocean-atmosphere exchange cycle, is considered. The movement of carbon dioxide goes both ways, from the ocean to the atmosphere, but gas is likewise absorbed later in water in comparable amounts. Another large source finds its origin in all living matter, both in plant and animal respiration, where CO2 is a by-product of intercellular reactions oriented towards the production of energy. Soil respiration and decomposition are considered other sources of natural emission. Soil organisms also decompose organic matter, producing CO2, methane, and other organic compounds. Other sources of CO2 emission are volcanic eruptions and forest fires. Modern volcanic activity is assumed to be responsible for the release of 130 to 230 megatonnes of CO2 per year [START_REF] Gerlach | Present-day CO2 emissions from volcanos, Eos, Trans[END_REF].

Figure 3.5. Global atmospheric CO2 concentrations in ppm for the past 800,000 years [START_REF] Lindsey | Climate Change: Atmospheric Carbon Dioxide[END_REF][START_REF] Lüthi | High-resolution carbon dioxide concentration record 650,000-800,000 years before present[END_REF] Fig. 3.5 illustrates the changes in carbon dioxide concentration in the atmosphere of the Earth over the past 800,000 years, based on measurements of the composition of air trapped in ice cores from Antarctica. CO2 concentration fluctuates during eight glacial cycles from 170 to 300 ppm, estimated on average at 278 ppm [START_REF] Lüthi | High-resolution carbon dioxide concentration record 650,000-800,000 years before present[END_REF].

Anthropogenic sources of CO2

Since the Industrial Revolution, the impact of anthropogenic carbon dioxide emissions has become visible. This was the moment when the balance of the natural carbon cycle started to be influenced by human expansion. The First Industrial Revolution took place from the half of the 18 th century until around 1840. The development of the steam machine led, in particular, to the replacement of manual manufacturing with automated manufacturing [START_REF] Britannica | Industrial Revolution[END_REF]. This period, in addition to the rapid progress in capital production and growth, gave the foundations for the modern economy. Adam Smith in 1776 published his magnum opus, called 'An Inquiry into the Nature and Causes of the Wealth of Nations'; this event is considered to be the beginning of economy as a science.

The Second Industrial Revolution began in the 19th century with the development of electricity and setting the first assembly lines and lasted until the first decades of the 20 th century. Industry has also started applying modern types of materials, such as polymers, lighter metals, or new types of alloys [START_REF] Britannica | Industrial Revolution[END_REF]. Karl Marx, whose philosophy was strongly inspired by Adam Smith, in one of his essays described the phenomenon of the Industrial Revolution in the following sentence: 'Industry is the actual historical relationship of nature and therefore of natural science to man. If, therefore, industry is conceived as the exoteric revelation of man's essential powers, we also gain an understanding of the human essence of nature or the natural essence of man. [START_REF] Marx | Private Property and Communism[END_REF]' As time will show, the dynamic growth of industry was a double-edge sword, although during the second stage of industrial development, the progress obtained was a foundation for the modern society.

The Third Industrial Revolution took place in the 1970s of the 20 th century and was related to the introduction of partially automated processes, coordinated with computers, which resulted later in full automatization of those processes. The perspective on industrialization also changed over time. In their work 'Capitalism and Schizofrenia', Gilles Deleuze and Felix Guattari refer to Marx, extending the idea of relationship between the nature of industry in the sentence 'We make no distinction between man and nature: the human essence of nature and the natural essence of man become one within nature in the form of production or industry, just as they do within the life of man as a species. Industry is then no longer considered from the extrinsic point of view of utility, but rather from the point of view of its fundamental identity with nature as production of man and by man [START_REF] Gilles | Capitalism and Schizophrenia[END_REF].' In the concept of "The Desiring Machine", they explain that the force behind creation is lack (manqué), which induces development and has its source in desire.

Currently, the Fourth Industrial Revolution takes place, described with the term 'Industrie 4.0' since 2010, although 2013 was recognized as the beginning of this stage of industrialization. Industrie 4.0 is based on the development achieved during the third industrial revolution; however, the technologies are even more advanced and automated, based on machine-to-machine communication and end-to-end customer-focused engineering. The crucial tool is Big Data, a technology based on the storage and use of large data sets [START_REF] Skilton | The 4th Industrial Revolution Impact[END_REF]. With the development of industrialization, which is one of the factors responsible for drastic climate change, new social issues appeared, such as climate anxiety. It is affecting especially people of Generation Z (born from 1995 to 2009). The study presented in 2021, which was carried out on a group of 10,000 people between 16 to 25 years, revealed that almost 60% of the respondents are 'very concerned' or 'extremely concerned' about climate change. 45% of the participants admitted that their daily lives were affected by negative feelings about climate change. Young people feel ignored and dismissed by the government, agreeing that the actions taken to prevent the climate catastrophe are not enough [START_REF] Thompson | Young people's climate anxiety revealed in landmark survey[END_REF].

Figure 3.6 represents changes in the anthropogenic emission of CO2, from 1750 to 2020. It is possible to distinguish all four stages of the industrial revolution. In the period from 1750 to 1840, corresponding to the first stage, the amount of CO2 increased from 0.01 to 0.12 billion metric tons per year. The second stage may be assigned to the increase in years from 1870 to 1950, where the amount of CO2 produced grew from 0.53 to 5.89 billion metric tons. The most significant increase was observed in the years 1960 to 2000, when CO2 emission increased from 9.34 to 25.12 billion metric tons per year; it is the period assigned to the third stage of the industrial revolution. The last, fourth stage, after the year 2000, resulted in an increase of up to 36.44 billion metric tones registered in 2019. The value for the year 2020 visible in Figure 3.7 is lower than for 2019 -this decline was assigned to the Covid-19 pandemic [START_REF] Tiseo | Historical carbon dioxide emissions from global fossil fuel combustion and industrial processes from 1758 to 2020[END_REF]. The dynamic growth of CO2 emissions, especially in the last 70 years, is attributed to many factors. In Figure 3.8, the anthropogenic sources of CO2 emission are compared.

The combustion of fossil fuels has been a source of energy and power generation, as the demand for electricity is constantly increasing. Today, fossil fuel-based power plants are being replaced, if possible, with neutral CO2 solutions, such as nuclear or renewable energy; however, they are still the main energy source. In 2019, power generation accounted for approximately 39% of total CO2 emissions [START_REF] Yoro | CO2 emission sources, greenhouse gases, and the global warming effect[END_REF]. Similarly, the main sources are transportation and industry, which account for approximately 25-26% of CO2 emissions. In the case of transportation, the dominant factor is the emission from road vehicles, both passenger and freight. The emissions of aviation were assigned to ca. 11% of total CO2 emissions from transport [START_REF] Ritchie | Cars, planes, trains: where do CO2 emissions from transport come from? -Our World in Data[END_REF]. The CO2 emissions from industry are split into a few branches, such as cement production, which is the biggest industrial emitter, the production of chemicals, the production of lime, the production of coke, the production of non-ferrous metals, the production of iron and steel, the production of solvents, and other substances. Emissions from mining, quarrying, manufacturing, and construction are also included [START_REF] Field | [END_REF]. Building-related emissions are assigned to water heating, air conditioning, lighting, and general maintenance [START_REF]Towards a zero-emissions, efficient and resilient buildings and construction sector[END_REF]. The last field, with the smallest contribution to global CO2 emissions, is agriculture and land use, where carbon dioxide is released mainly through livestock and manure, rice cultivation, deforestation, and agricultural soils [START_REF] Ritchie | Emissions by sector[END_REF]. 

Influence of anthropogenic CO2 emission on the Environment

In 2000, Paul Crutzen, a chemist and Nobel Prize winner, suggested the term 'Anthropocene' to describe the period of intensified anthropogenic expansion that led to significant environmental consequences. It is not an officially approved term, the period from XVIII to the XXI century is still geologically recognized as a part of the Holocene epoch [34]. The term Anthropocene was introduced to emphasize the influence of people on the environment and ecosystems in the last centuries. The human population on Earth has increased tenfold in the last 260 yearsfrom approximately 0.770 in 1760 to about 7.794 billion people today [START_REF] Population | Y. Change, World Population by Year[END_REF]. It was accompanied by urbanization, increased energy production and consumption, demand for water and agriculture, and significant changes in the economy. Industrial production increased 40 times. 30 to 50% of the land surface has been transformed due to human activity [START_REF] Population | Y. Change, World Population by Year[END_REF]. Forest expenditure decreased by about 20% in the twentieth century; coastal wetlands lost ca. 50%. 'In a few generations, mankind is exhausting fossil fuels that were generated over several hundred million years, resulting in large emissions of air pollutants' Crutzen says in his essay on the Anthropocene [START_REF] Crutzen | System Science in the Anthropocene[END_REF]. Taking into account the above-mentioned situation and the constantly growing impact of human actions, it is possible to emphasize the role of humankind in geo-and ecology, through applying the thermal Anthropocene, especially considering that the climate may depart from natural balance even over the next 50,000 years [START_REF] Loutre | Future climatic changes: Are we entering an exceptionally long interglacial?[END_REF].

CO2 is not the only greenhouse gas responsible for negative changes in the environment.

Other gases released due to human activities, with a negative effect, are nitrous oxide (N2O) and methane (CH4), which in the atmosphere in 2019 reached 332 ppb and 1866 ppb, respectively.

According to the latest 6 th IPCC report on climate change, published in 2021, the following events are expected as a result of anthropogenic expansion:

• The global surface temperature continuously increases (all emissions scenarios considered), with global warming exceeding 1.5 °C and 2 °C by the end of the 21 st century (unless deep reductions in greenhouse gas emissions are taken),

• Increased frequency and intensity of weather phenomena such as hot extremes, marine heatwaves, heavy precipitation, droughts in some regions, tropical cyclones, as well as reductions in Arctic sea ice and snow cover,

• Intensification of the global water cycle, including and as a result global monsoon precipitation and the multiplicity of wet and dry events,

• The global mean sea level increased about. 0.20 m between 1901 and 2018 and will continue to increase. It is assigned mostly to the ice sheet and glacier mass loss,

• The shift of climate zones has switched poleward in both hemispheres,

• The global upper ocean has warmed since the 1970s, acidification of the surface open ocean increased, and oxygen levels have dropped in many upper ocean regions since the mid-20 th century. In August 2020, a rare event occurred, rainfall at the highest point on the Greenland ice sheet, leading to both high melting and high runoff volumes to the ocean [START_REF] News | It rained for the first time at the summit of Greenland's ice sheet[END_REF]. Such phenomena, which have not been recorded so far, will probably intensify in the coming years.

Different scenarios are considered, including the adaptation of policies restricting greenhouse gas emission; however, even in the most radical cases, when net-zero emission is achieved globally, it will not be possible to reverse the anthropogenic changes in the atmosphere over the forthcoming decades.

Reduction of CO2 emission: What about policies?

From 1990, many strategies were introduced to reduce greenhouse gases into the atmosphere, both in the European Union (EU) and worldwide. Most of such solutions were aimed at the year 2020, after which new policies were introduced. Among the previously targeted solutions, the most important are listed below.

climate & energy package

EU policy, which aimed to reduce greenhouse gas emissions by 20% from 1990 levels, improve energy efficiency by 20%, and use of 20% renewable energy by 2020.

The strategy was met -greenhouse gas emissions were reduced by 24% between 1990

and 2019 and the most significant decline was in sectors of energy production [START_REF]European Commission, The 2020 climate and energy package[END_REF]. Other of the mentioned targets vary, since the member countries had different starting points for renewable energy production and their ability to increase it, although overall the European Union reached its 20% target for 2020.

The Kyoto Protocol

The United Nations Framework Convention on Climate Change (UNFCCC) policy was established to reduce greenhouse gas emissions, in which parties have committed themselves to national or joint reduction targets, set based on the level of economic development. The Kyoto Protocol was divided into two periods, the first from 2008 to 2012 and the second from 2013 to 2020. Greenhouse gases considered in the protocol were carbon dioxide, methane, nitrous oxide, hydrofluorocarbons, perfluorocarbons, sulphur hexafluoride, and added in the second commitment period, nitrogen trifluoride.

The Kyoto protocol was partially similar to the EU 2020 climate policy, although some differences were present, i.e., the targets did not cover the sector of international aviation, but covered land use, land use change & forestry; measures were against different base years. The European Union and its member states met the Kyoto Protocol requirements for the first period and were on track to meet the requirements for the second period [START_REF]European Commission, Kyoto First Commitment Period[END_REF]41].

The Paris Agreement

The Paris Agreement is the UNFCCC strategy, adopted in 2015, to limit global warming to below 2°C, compared to preindustrial levels. Parties aim to significantly reduce greenhouse gas emissions as soon as possible, to achieve a climate-neutral world by the middle of the century. Since the agreement requires social and economic transformation, to meet the strategy, it works on a 5-year cycle in which countries are submitting nationally determined contributions. Furthermore, by 2020, the parties submitted longterm strategies for the development of low greenhouse gas emissions to optimize efforts toward long-term goals [START_REF] Hone | The Paris Agreement[END_REF].

The 2030 climate and energy framework

In September 2020, the European Commission decided to increase the levels of the desired greenhouse gas emission reduction target for 2030, to 55% compared to 1990 levels. The goal previously considered was to reduce to 40%. The 2030 strategy targets also include: at least 32% share for renewable energy and 32.5% improvement in energy efficiency, as a continuation of the 2020 policy [START_REF] Commision | The 2030 climate & energy framework[END_REF].

The 2050 long-term strategy

The long-term strategy of the European Union aims to achieve an economy with net-zero greenhouse gas emissions by 2050. The goal is in line with the commitment of the EU to the Paris Agreement. This strategy, which should result in a climate-neutral society, requires the optimization of all economic sectors, such as industry, energy production from transportation, and others, together with parallel progress in society's mentality [44].

Solutions to Reduce CO2 Emissions Mostly from Stationary Sources

As reported in the previous chapter, the anthropogenic impact on the environment is unquestionable and requires certain actions to possibly reduce the emission of greenhouse gases to the minimum. Especially important is maintaining CO2 emissions from stationary sources, such as power plants and industrial facilities, as these sectors contribute the most to overall emissions.

There are three basic approaches, considered as a way to reduce CO2 emissions from stationary sources, compared in Figure 3.8 [START_REF] Herzog | Advanced Post-Combustion CO 2 Capture[END_REF]. 

Modification of the combustion process

Among the possible methods, the modification of the combustion process at the same time is a real opportunity to improve the efficiency of the facility, but it is also insufficient to develop net-zero emissions, which are becoming the requirement, according to the policies discussed previously. Allows for greater efficiency of energy production, by increasing the amount of electricity possible to produce from the same amount of fuel consumed [START_REF] Herzog | Advanced Post-Combustion CO 2 Capture[END_REF].

Basic power generation systems are based on subcritical steam units, where boiled water is converted to superheated steam. The energy efficiency obtained from the coal converted into electricity is between 33 and 37%. Due to the relatively low performance, such technologies were replaced by newer and more advanced ones. In the late 1960s, supercritical combustion technology was introduced to the industrial scale. In such systems, water can be maintained as a fluid despite being above the atmospheric boiling plan. This kind of unit results in an increase in efficiency in the range of 37-40%, due to the improved thermodynamic properties of the generated steam. Currently, the most efficient among industrially available technologies for energy production is ultra-demand reduction supercritical generation. This unit operates under supercritical pressure conditions, allowing better turbine operation and achieving efficiency from 44 to 46%. An additional solution is the subcritical fluidized bed technology, where coal is burned with air in the circulating bed. This technology allows the use of a variety of fuels, such as biomass or non-coal fuels, resulting in low NOx formation and SO2 capture. Efficiency is similar to that of subcritical and supercritical units [START_REF] Herzog | Advanced Post-Combustion CO 2 Capture[END_REF][START_REF]The future of coal[END_REF].

The integrated gasification combined cycle (IGCC) is another solution for the generation of energy from fossil fuels. This plant is based on an integrated system, where coal is first gasified to produce syngas, which is then burned in a gas turbine that drives a generator. Exhaust gases from the turbine are directed to the heat recovery system to produce steam for a steam turbine generator. The benefits of the IGCC system are lower water consumption compared to traditional power plants, and the ash in the feedstock is easier to maintain and transport than the fly ash. However, the technology is still under constant development and its costs are higher compared to the solutions mentioned solutions, especially if a carbon capture unit is included in the installation [START_REF]The future of coal[END_REF].

Carbon Capture and Storage (CCS) methods

Carbon capture and storage (CCS) methods are based on the process of separation of CO2 from the flue gases from the stationary source to prevent it from entering the atmosphere. CO2 is then transported and stored. The most cost-effective way to transport separated CO2 is with pipelines or ships, if long-distance transportation is considered.

Carbon capture technology has three approaches, in order to maximize the share of carbon dioxide in the stream of flue gases, such as pre-combustion, post-combustion, and oxycombustion. Carbon dioxide capture is the most expensive step in the entire CCS chain [START_REF] D'alessandro | Carbon dioxide capture: Prospects for new materials[END_REF][START_REF] Bui | Carbon capture and storage (CCS): The way forward[END_REF].

In the pre-combustion method, the fuel initially undergoes gasification with an oxidizing agent, such as steam with oxygen or air, at an increased pressure temperature to form syngas. Subsequently, the syngas components, mainly CO, react with H2O in a water-gas shift reaction, to form CO2 and H2 which leads to the capture of carbon dioxide from a relatively pure stream [START_REF] D'alessandro | Carbon dioxide capture: Prospects for new materials[END_REF]. This technology allows for the acquisition of a relatively rich CO2 exhaust stream (from 15 to 50% carbon dioxide). Gas components are separated, CO2 undergoes further sequestration steps, and a hydrogen-rich mixture is used as fuel [START_REF] Jansen | Pre-combustion CO2 capture[END_REF].

The post-combustion method is based on the removal of CO2 from flue gases obtained from fossil fuel combustion. It is a straightforward approach, based on the majority of the current CCS infrastructure operating. The exhaust stream needs to undergo separation, usually by absorption, adsorption, chemical looping, membrane gas separation, or gas hydration, of which dominating are adsorption and scrubbing with amines, to obtain the desired purity of carbon dioxide. Typically, the combustion gas from coal burning contains ca. 10-15% of CO2 [START_REF] Bhown | Analysis and status of post-combustion carbon dioxide capture technologies[END_REF].

In oxy-fuel combustion technology, fuel combustion is in pure oxygen, instead of air. To control the flame temperature, the exhaust gases are recirculated to cool the combustion chamber. Due to this solution, the flue gases contain CO2 and water vapor;

after condensation of the stream latter, the obtained is mainly composed of carbon dioxide [START_REF] Sweet | Winner: Clean coal -Restoring coal's sheen[END_REF].

Carbon dioxide sequestration can be achieved in several ways. The most obvious approach is based on geosequestration, the storage of CO2 as supercritical fluid in geological formations such as gas and exhaust oil fields, saline formations, unmineable coal seams, and saline-filled basalt formations. Some of those solutions have further possibilities. Storage of CO2 in unmineable coal seems to allow obtaining a certain amount of methane, it is adsorbed on the coal surface, and while to seem filled with carbon dioxide, methane desorbs and may be recovered. This process is called enhanced coal bed methane recovery [START_REF]Good plant design and operation for onshore carbon capture installations and onshore pipelines[END_REF]. A similar situation occurs while CO2 is stored in exhaust oil fields: pumping the liquified gas inside the well allows the extraction of residual oil, in a process called enhanced oil recovery. On the other hand, both of the above-mentioned enhanced recovery processes are leading to the production of more fossil fuels, which combustion will lead to the release of more carbon dioxide into the atmosphere [START_REF]Good plant design and operation for onshore carbon capture installations and onshore pipelines[END_REF].

Another approach suggests that CO2 is supplied to algae or bacteria, which are able to degrade this gas. Water is saturated with carbon dioxide, which improves the growth of algae/bacteria as a result of enhanced photosynthesis. Later, such organisms can be applied to the production of biofuels or other feedstocks [START_REF] Xiong | CO2-fixing one-carbon metabolism in a cellulose-degrading bacterium Clostridium thermocellum[END_REF]. Carbon dioxide also reacts with some metal oxides, which allows its mineral storage. Products are minerals such as calcite or magnesite. This process is a natural part of a carbon cycle and its application to CO2 sequestration requires the use of a catalyst and increased pressure or temperature [START_REF] Bhaduri | Nickel nanoparticles catalyse reversible hydration of carbon dioxide for mineralization carbon capture and storage[END_REF].

Carbon Capture and Utilization methods

Carbon capture and utilization (CCU) is a similar strategy to carbon capture and storage (CCS), however, the obtained stream of CO2 instead of being sequestrated is recycled and further used. The aim of this group of technologies is to convert waste carbon dioxide into feedstock for the synthesis of other products, to obtain carbon neutrality. There are several constraints related to this subject, such as: i) the energy input required to carry out the alternative CO2-based process cannot be higher than the amount of energy released if the fuel was burnt; ii) the availability of the alternative products should be investigated before investing in CCU; iii) CO2 is a neutral and stable molecule, which may result in energy intensive processes. CCU technologies can be divided into those with a limited range, such as microalgae, the production of chemicals and fuels; and those that can be applied on a large scale, such as agricultural use and the production of construction materials [START_REF] Hepburn | The technological and economic prospects for CO2 utilization and removal[END_REF]. The capture, separation and transportation of CO2 is analogical for CCU and CCS technologies. The description of processes in which CO2 is used as feedstock is presented in Chapter 3.3.

Chemical utilization of CO2 to added-value products

CCS is probably the fastest solution, possible for large-scale applications; however, it is not in agreement with circular carbon economy, which favors the use and application of carbon dioxide. Several processes in which carbon dioxide is a feedstock are available.

In summary, its yield in summary is assumed to be about 200 Mt/year, however, compared to overall anthropogenic emission -approximately 37 000 Mt /year -it means that 0.5% of emitted CO2 is used as a feedstock [START_REF] Nocito | Atmospheric CO2 mitigation technologies: carbon capture utilization and storage[END_REF]. Several processes that are found to have the greatest contribution or are promising in the case of CO2 conversion to added value products are listed in the following subsections.

Urea synthesis

Urea (carbamide, CO(NH2)2) is a crucial precursor for production in the agricultural or polymer industries. As the most widely applied fertilizer, urea is widely manufactured. Its main application consumes ca. 90% of all production is for fertilizers.

Other uses such as the manufacture of melamine, resins, diesel engine systems, the production of cosmetics and pharmaceutical products, medicines, and raw materials for laboratory synthesis [START_REF] Industry | Urea[END_REF]. Recent annual production of urea is estimated at approximately 200 million metric tons and is estimated to increase to ca. 300 million metric tonnes in 2030 [START_REF]Production capacity of urea worldwide from 2018 to 2030[END_REF].

The production of urea from carbon dioxide and ammonia follows the reaction path presented in Eq. 3.2. The process called the Bosch-Meiser urea process is based on heating together CO2 and NH3 at increased pressure (5-25 MPa) and temperature 450 K.

Under such conditions, ammonium carbamate is formed, which undergoes rapid decomposition to urea.

2𝑁𝐻 3 (𝑔) + 𝐶𝑂 2 (𝑔) → 𝐻 2 𝑁 -𝐶𝑂 2 -𝑁𝐻 4 + (𝑠) → 𝐻 2 𝑁 -𝐶𝑂 -𝑁𝐻 2 + 𝐻 2 𝑂 (𝑔) Eq. 3.2
The first step of the reaction, where ammonium carbamate is formed, is exhothermic, while the second step, the decomposition of carbamate to urea and water, is endothermic, although the whole process is exothermic [START_REF] Industry | Urea[END_REF].

Salicylic acid synthesis

Salicylic acid is an organic compound well known as an anti-inflammatory agent, being a base of many medicines such as aspirin and also an important cosmetic product.

Additional applications include its use as a food preservative, antibacterial, and antimicrobial substance. The synthesis of salicylic acid from phenolates and CO2 is an industrial process that had its origin in the 19 th century. The most developed method is the Kolbe-Schmitt reaction, illustrated in the Eq. 3.3. This reaction is based on the addition of a carboxyl group to the benzene ring of a phenol [START_REF] Iijima | K2CO3-catalyzed direct synthesis of salicylic acid from phenol and supercritical CO2[END_REF].

Eq. 3.3 [START_REF]Kolbe-Schmitt reaction[END_REF] It is reported that annually in such process, 70 000 tons of salicylic acid are produced, utilizing 30 000 tonnes of carbon dioxide [START_REF] Alper | CO2 utilization: Developments in conversion processes[END_REF].

Carbonates, cyclic carbonates and polycarbonates synthesis

Fixation of CO2 to cyclic and polymeric carbonates is a group of catalytic reactions that has its roots in the end of the 1960s of the XX th century, when for the first time it was reported that in the presence of the catalyst, CO2 produced a polymer containing carbonate bonds, in reaction with an epoxide. Since then, such catalytic systems using different types of epoxide precursors have been under development.

Currently, the market for cyclic carbonates allows for annual utilization of 40 000 tons of CO2, for production of ca. 80 000 tons of the above-mentioned product. A variety of applied epoxides include: ethylene oxide, propylene oxide, cyclohexene oxide, and potentially biobased epoxides such as limonene oxide and vinylcyclohexene oxide. There are two possible products of a reaction between CO2 and epoxide, which are a fivemembered cyclic carbonate and/or a polymeric carbonate. The dominant form depends on the applied catalyst [START_REF] Kamphuis | CO2-fixation into cyclic and polymeric carbonates: Principles and applications[END_REF].

Inorganic applications in CO2 utilization

Inorganic applications in CO2 sequestration were already mentioned in Chapter 3.2.2; however, due to the large scale of this method, it requires further explanation.

Mineralization of CO2 in geologic formations is based on the reaction between carbon dioxide and basic metal oxides, i.e. MgO or CaO, where inorganic carbonates are formed.

Especially, calcite is an important product, which is later applied as the polymer filling material in the building industry. In addition, it is used as a raw material for optical glasses, lumiphores, varnishes, and pharmaceutical products. Calcite is usually produced by precipitating calcium hydroxide with CO2 [START_REF] Peters | Chemical technologies for exploiting and recycling carbon dioxide into the value chain[END_REF].

Hydrotalcite, as a material that has recently been applied in fields such as medicine (neutralizing agent for stomach acid), catalysis or reversible adsorption of CO2, is produced through the reaction of magnesium oxide with sodium aluminate and carbon dioxide [START_REF] Peters | Chemical technologies for exploiting and recycling carbon dioxide into the value chain[END_REF]. A better perspective on the nature and applications of hydrotalcites is given in Chapters 5.1.1 -5.1.4.

Furthermore, CO2 is applied to the separation of metal oxides, as a precipitating agent. Long-term fixation of CO2 can be obtained in the reaction of carbon dioxide with magnesium oxide and calcium silicates. It is possible to utilize industrial waste products in this way, with the use of CO2 [START_REF] Peters | Chemical technologies for exploiting and recycling carbon dioxide into the value chain[END_REF].

Coal gasification

Gasification of coal is a well-known process applied now mostly to produce syngas; however, historically, in the XIX th century this method was utilized to produce synthetic gas, later applied for street lighting. Typically, the gas produced is a mixture of carbon monoxide, hydrogen, methane, and carbon dioxide, depending on the reaction conditions and the gasification agent chosen [START_REF] Yetter | Powering Progress: NYSEG's 150 Years of Energy and Enterprise, 1852-2002[END_REF]. The coal gasification process can be carried out with the use of various gasification mediums (H2O, CO, H2, O2); however, the application of carbon dioxide is beneficial due to the improvement in gasification efficiency, the unit reduction in CO2 emission from the gasification process and the possibility of downgrading the unit rate of carbon and oxygen consumption [START_REF] Strugała | Badania nad technologiami zgazowania wegla w Polsce[END_REF].

Gasification of coal is a complex process consisting of several exo-and endothermic reactions, listed below (Equations 3.4-3.10) [START_REF] De | Chapter 5.3.2 -Application of Hydrogen Combustion for Electrical and Motive Power Generation[END_REF]. Eq. 3.4 illustrates the thermal decomposition of coal, where hydrogen, hydrocarbons, and char are produced. Eq. 3.5 and 3.6 represent the combustion and partial combustion of carbon, which provides the heat for the process. Eq. 3.7 and 3.8 are the main gasification reactions, of an endothermic nature. Reactions from Eq. 3.9 and 3.10 are performed on the basis of previous reactions [START_REF] De | Chapter 5.3.2 -Application of Hydrogen Combustion for Electrical and Motive Power Generation[END_REF].

Coal

Coal gasification with CO2 can be carried out in both industrial installations with a fluidized bed, to produce both energy and chemical feedstock, and also in underground coal gasification systems, which is an emerging technology, developed to use coal without the need to excavate it [START_REF] Strugała | Badania nad technologiami zgazowania wegla w Polsce[END_REF][START_REF] Porada | Kinetics of steam gasification of bituminous coals in terms of their use for underground coal gasification[END_REF].

Oxidative dehydrogenation (ODH)

Dehydrogenation is a group of catalytic processes that involve the removal of hydrogen from organic compounds, opposite to hydrogenation reactions. The process is based in the first place on the conversion of relatively low reactive alkenes to more valuable products such as olefins, alcohols, polymers, aromatic compounds, or aldehydes [START_REF] Wittcoff | Chemicals from Alkanes[END_REF]. One of the most important products from the ODH process is styrene, ethylene, propylene or formaldehyde. Oxidative dehydrogenation is favoured toward the nonoxidative dehydrogenation, because of the continuous regeneration of the catalyst and the exothermicity of the main reaction. Several factors are applied as oxidizers, such as dry air, N2O, SO2, O2 or CO2. The latter is considered the soft oxidizer and shows few advantages in comparison to other oxidative agents: (i) avoids the burning of valuable hydrocarbonsit is milder oxidant than H2O or O2; (ii) is less hazardous than N2O or SO2; (iii) stays gaseous throughout the process; (iv) participates in decoking process; (v) increases the selectivity by poisoning the non-selective sites of the catalyst surface.

However, the low reactivity of carbon dioxide and its activation is a challenge. It can be overcome with the application of an adequate catalytic system. Among them, very popular are the ceria-zirconia materials, which show good redox properties [START_REF] Mukherjee | CO2 as a soft oxidant for oxidative dehydrogenation reaction: An eco benign process for industry[END_REF].

Syngas production

Syngas is a mixture of carbon monoxide and hydrogen in different stoichiometric ratios that is used foremost as a feedstock for chemical synthesis or chemicals, mainly ammonia and methanol; however, new applications are still under development.

Conventional methods for the production of syngas are: gasification of coal or other carbonaceous materials, steam reforming of natural gas or oil, but the listed solutions do not meet the current goal of net-zero emission of CO2 [START_REF] Buelens | Super-dry reforming of methane intensifies CO2 utilization via le Chatelier's principle[END_REF].

Processes oriented for the production of syngas, where CO2 is applied as a substract, are the reforming processes: dry reforming, tri-reforming, and autothermal reforming of methane.

Dry methane reforming (DRM) is a competitive process for steam reforming of methane (SRM), due to the lack of a water evaporation step and the additional opportunity for CO2 recycling. However, the yield of DRM is smaller compared to SRM and is applied primarily to gases with a high carbon dioxide, which plays the role of an oxidant [START_REF] Buelens | Super-dry reforming of methane intensifies CO2 utilization via le Chatelier's principle[END_REF].

The main reaction of DRM is highly endothermic: the process requires energy supply and an increase in temperature (500-1000 °C). According to the Le Chatelier principle, the pressure of the process should be possibly low (1-20 atm), due to the double volume of products, compared to the substrates.

CH4 + CO2

2CO + 2 H2 ΔH 0 298 = 247 kJ•mol -1 Eq. 3.11

The tri-reforming of methane is a complex process in which three reactions occur simultaneously: dry reforming of methane (Eq. 3.11), steam reforming of methane (Eq.

3.12), and partial oxidation of methane (POM) (Eq. 3.13).

CH4 + H2O 2 CO + 3 H2 ΔH 0 298 = 207 kJ•mol -1 Eq. 3.12 CH4 + 0.5 O2 CO + 2 H2 ΔH 0 298 = -36 kJ•mol -1 Eq. 3.13

The synergy of the three reactions in trireforming leads to high conversion of CO2 and CH4, utilization of CO2 and improvement of catalyst stability due to the presence of H2O

and O2 [START_REF] Świrk | Tri-reforming as a process of CO2 utilization and a novel concept of energy storage in chemical products[END_REF]. Neither dry reforming nor trireforming are widely applied industrial processes yet. Trireforming is very promising due to the possibility of direct use of the combustion gas from a power plant as a feedstock, without the need for a CO2 separation stage, which is expensive and energy consuming [START_REF] Minutillo | A novel approach for treatment of CO2 from fossil fired power plants, Part A: The integrated systems ITRPP[END_REF].

Hydrogenation of CO2

CO2 hydrogenation is a group of processes oriented toward the regeneration of carbon dioxide captured from combustion of fossil fuels to added value products (Fig.

3.9). CO2 is a thermally stable molecule, making its hydrogenation challenging and requires optimal catalytic material and reaction conditions. The conversion of CO2 to C1 products such as carbon monoxide, methanol, formic acid, or methane during direct hydrogen reduction has been extensively studied with visible progress. Compared to C1 products, the synthesis of C2+ species is much more complicated due to the high C-C coupling barrier, the inertness of CO2, and side reactions that favor the formation of C1 products [START_REF] Ye | CO2 hydrogenation to high-value products via heterogeneous catalysis[END_REF]. Methanol is an important chemical feedstock that can be applied, i.e. as a fuel or fuel additive, for internal combustion engines. It is also a precursor for the production of chemicals and synthetic fuels. The synthesis of methanol (Eq. 3.14) is carried out using a bifunctional or hybrid catalyst, primarily based on copper, indium, or zinc.

Thermodynamic properties determine the conditions of the reactionslower reaction temperatures (200-300 °C) and higher pressure (4-6 MPa) are favorable for the synthesis of methanol [START_REF] Jiang | Recent Advances in Carbon Dioxide Hydrogenation to Methanol via Heterogeneous Catalysis[END_REF]. Carbon Recycling International established one of the most recognized CO2-to-Renewable-Methanol plants in Svartsengi. The plant mentioned above is capable of recycling 5.5 thousand tonnes of CO2 per year. Hydrogen is supplied by electrolysis of water [START_REF] Jiang | Recent Advances in Carbon Dioxide Hydrogenation to Methanol via Heterogeneous Catalysis[END_REF].

Another product of CO2 hydrogenation is dimethyl ether (DME). It is characterized with physicochemical properties similar to those of LPG, and a very often blend of both products is used as a fuel. DME is gaining recognition as an alternative fuel for diesel engines or for power generation in gas turbine plants and is also a feedstock for CO 2 hydrogenation DME methanol olefins, aromatics, gasoline FTS methane the production of synthetic gasoline and olefins [START_REF] Catizzone | CO2 recycling to dimethyl ether: State-of-the-art and perspectives[END_REF]. The synthesis of dimethyl ether resulted in a rapid development, after the technology of maturing CO2 hydrogenation to methanol, based on which the process is based, using CH3OH synthesis catalysts hybridized with CH3OH coupling catalysts. The reaction may be simplified to two stages, presented in Eq.3.14 and 3.15 [START_REF] Ye | CO2 hydrogenation to high-value products via heterogeneous catalysis[END_REF].

CO2 + 3H2

CH3OH + H2O Eq. 3. Hydrogenation of CO2 into methane will be explained in more detail in Chapter 4.

CO2 hydrogenation to methane

Mechanism of the CO2 methanation reaction

CO2 hydrogenation to methane or Sabatier reaction is an exothermic reaction, in which carbon dioxide reacts with hydrogen in a molar ratio of 1:4, giving products such as methane and water (1:2). According to the principle of Le Chaterlier, favorable conditions for the reaction are atmospheric pressure and room temperature, although at such a temperature the reaction is inactive due to kinetic limitations [START_REF] Miao | Catalysis mechanisms of CO2 and CO methanation[END_REF].

IV -II 0 +I -II -IV +I CO2+H2 H2O+CH4 Eq. 4.1 [START_REF] Kuznecova | Property based ranking of CO and CO2 methanation catalysts[END_REF] There are two approaches to the mechanism of the CO2 methanation reaction: associative and dissociative (Fig. 4.1). The associative mechanism [START_REF] Miao | Catalysis mechanisms of CO2 and CO methanation[END_REF].

The dissociative mechanism

Such a mechanism is mostly assigned to the noble-metal-based catalysts, Ru/TiO, Ruceria, and Ru-alumina.

The dissociative mechanism assumes that CO2 is directly dissociated into intermediates such as carbonyl and oxygen. Carbonyl undergoes subsequent hydrogenation or further dissociation to carbon and oxygen [START_REF] Eckle | Reaction Intermediates and Side Products in the Methanation of CO and CO2 over Supported Ru Catalysts in H2-Rich Reformate Gases[END_REF].

SSITKA analysis showed that isotope exchange from 12 CO2 to 13 CO2 results in a reduction in the intensity of 12 COad (carbonyl), which is related to the increased intensity of the 13 COad band, confirming that carbonyl is the intermediate in the hydrogenation of CO2 to methane. At the same time, a slow response of formate bands was registered, which suggests that formate is not the main intermediate.

Ni 0 sites are the place where H2 dissociation and CO hydrogenation are occurring; however, CO2 adsorption and activation are reported to be support dependent. It is possible for the support to influence the reaction path and the rate-determining step. For example, in the Ni-Al2O3 catalyst, it is suggested that methane originated from formate species adsorbed on the supportit was proposed that carbon dioxide adsorbs and dissociates first on Ni 0 to form *CO, which later migrated onto the support and forms carbonate. Carbonate also reacts with dissociated hydrogen and forms formate [START_REF] Shen | Essential role of the support for nickel-based CO2 methanation catalysts[END_REF].

On the support with high basicity (i.e. Ni/todorkite) such a phenomenon was registered:

CO2 was adsorbed on the support and formed carbonate species, which were later hydrogenated to formate and methane [START_REF] Shen | Essential role of the support for nickel-based CO2 methanation catalysts[END_REF]. A similar situation was observed in Ni / Y2O3: carbon dioxide was primarily adsorbed to the support to generate bicarbonate, which was later converted to formate and eventually methane. Analogical observations were made for the CeO2 support [START_REF] Shen | Essential role of the support for nickel-based CO2 methanation catalysts[END_REF][START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[END_REF][START_REF] Cárdenas-Arenas | Isotopic and in situ DRIFTS study of the CO2 methanation mechanism using Ni/CeO2 and Ni/Al2O3 catalysts[END_REF].

Shen et al. reported that catalyst with a higher number of highly coordinated Ni [START_REF] Le | Effects of Na content in Na/Ni/SiO2 and Na/Ni/CeO2 catalysts for CO and CO2 methanation[END_REF] results in an increased rate of CO2 dissociation followed by formate conversion to CO.

Also, such a catalyst exhibits a larger CO adsorption capacity as well [START_REF] Shen | Essential role of the support for nickel-based CO2 methanation catalysts[END_REF].

Thermodynamics of the CO2 methanation reaction

A comprehensive thermodynamic analysis of the hydrogenation of CO2 to methane is performed using the Gibbs free energy minimization method, considering eight reactions involved in the overall process of CO2 methanation (cf. Table 4.1). This method was applied considering the nature of CO2 methanation, which considers multiple reactions occurring at the same time in one system. The total Gibbs energy has its minimum value at chemical equilibrium, which makes it more accurate path than basing on the individual equilibrium constants. Low temperature, high pressure, and a high H2/CO2 ratio are considered favourable reaction conditions. The introduction of several species into the feed gas stream was also studied and led to several conclusions: the addition of steam to the feed gases results in severe coking of the catalyst; trace oxygen content is not favourable to methane production, but lowers the coking; presence of CH4 in the gas in the inlet gases has practically no influence on the conversion of CO2, but increases the rate of coking; small share of C2H4 leads to a low yield of CH4 and severe coking [START_REF] Gao | A thermodynamic analysis of methanation reactions of carbon oxides for the production of synthetic natural gas[END_REF]. Catalyst and Chemicals Ltd., Japan) and HT-1 (NiO 57 wt%, LiaoNing HaiTai SCI-TECH Development CO., LTD, China) tested inside the fixed-bed quartz reactor [START_REF] Gao | A thermodynamic analysis of methanation reactions of carbon oxides for the production of synthetic natural gas[END_REF].

In the low temperature region (200-250 °C), dominating products of CO2 hydrogenation to methane are CH4 and H2O, the equilibrium contribution of CO, CO2, and H2 is negligible. With an increase in reaction temperature, the share of desired products originating from the main CO2 methanation reaction (Eq. 4.

3) is decreasing.

However, the reverse water-gas shift reaction (RWGS, Eq. 3.18) is preferred at temperatures above 450 °C, which leads to an increased contribution of CO by-products.

As a result of the constant decrease in the conversion of methane, the gas mixture is enriched in unreacted carbon dioxide and hydrogen. The nature of CO2 methanation is exothermic, resulting in a lower conversion of feed gases with an increase in temperature, according to the principle of Le Chatelier. At 550 °C, the contribution of CO2 is reaching its maximum value, and above this temperature its content is decreasing, which is explained by the dominance of the RWGS reaction. According to the thermodynamic calculations, coke formation on the surface of the catalyst is not a preferred reaction, and the carbon formation may originate from reactions from the Eq. 4.7, 4.8, and 4.9 are not significant. Reactions 4.10 and 4.11 are not expected on nickel catalyst, however were mentioned for the better overwiev on the possible side reactions [START_REF] Gao | A thermodynamic analysis of methanation reactions of carbon oxides for the production of synthetic natural gas[END_REF]. The effects of pressure in the range of 1 to 100 atm, and feed gas composition, mainly the H2/CO2 ratio of 2, 4, and 6, were also studied. The results are presented in Figs. 13 a and b. As mentioned above, CO2 conversion and CH4 selectivity decrease with increasing reaction temperature. At a pressure of 1 atm, a decrease in CO2 conversion is observed only up to 600 °C, later conversion increases due to the RWGS reaction. Hydrogenation of CO2 to methane is volume reducing reaction and with an increase in pressure, the pressure, activity expressed with CO2 conversion increases, especially when accompanied by low temperature [START_REF] Gao | A thermodynamic analysis of methanation reactions of carbon oxides for the production of synthetic natural gas[END_REF].

The ratio of H2/CO2 definitely affects the conversion of CO2 and selectivity to CH4. In general, the above stoichimetric conditions lead to an increased reaction rate, which is confirmed by the study on the equilibrium state of CO2 methanation. A low H2/ CO2 ratio of 2 leads to a reduced conversion of CO2 and methane formation, comparing to higher ratios of 4 or 6. At low pressure (1 atm), the equilibrium concentrations of desired products in the H2 / CO2 ratio equal to 2 are significantly lower than at increased pressure (30 atm). Furthermore, in a low H2/CO2 ratio, carbon deposition below 500 °C is favoured, independently of the pressure inside the reactor. At a H2/CO2 ratio of 4 and 6, no carbon deposition was confirmed. Thus, to avoid coking of the catalyst, the ratio of hydrogen to carbon dioxide on the inlet should be at least stoichiometric or above stoichiometric. In summary, to carry out the CO2 methanation reaction under the possibly most optimal conditions, low temperature, high pressure, and a suitable H2/CO2 ratio should be chosen [START_REF] Gao | A thermodynamic analysis of methanation reactions of carbon oxides for the production of synthetic natural gas[END_REF].

Applications and maturity of CO2 methanation technology

Several approaches for the hydrogenation of CO2 to methane, depending on the chosen method, leading to the synthesis of a substitute natural gas (SNG), are listed in Fig. 4.4. These approaches are developed to overcome the low reactivity of CO2 and the kinetic barriers, characteristic of the methanation process. The present thesis is focused on thermal catalysis as a method for the hydrogenation of CO2 to CH4, however, other methods are being developed. Promising is plasma-enabled catalysis, where the ionized gas produced by high voltage electric discharge generated with high voltage has a high potential for activation of carbon dioxide [START_REF] Fan | Recent trends in developments of active metals and heterogenous materials for catalytic CO2hydrogenation to renewable methane: A review[END_REF].

Multiple methanation concepts based on thermal catalysis were tested and patented. There are two main approaches to the process that vary in the number of phases in which the reaction is carried out. Two-phase systems (solid/gas) or the three-phase systems (gas/liquid/solid) are distinguished. Two-phase systems differ depending on the type of bed used, such as fixed-bed reactors, structured reactors, and fluidized bed reactors. Three-phase systems operate on the basis of fluidized-bed reactors or slurry reactors [START_REF] Fan | Recent trends in developments of active metals and heterogenous materials for catalytic CO2hydrogenation to renewable methane: A review[END_REF].

Technologies based on adiabatic fixed-bed methanation are listed in Table 4.2. 

Matthey (Davy

Technologies)

The technology based on the HICOM project consisted of three fixed-bed reactors with gas recycling and intermediate gas cooling.

The diabatic fixed-bed reactor is characterized with almost adiabatic conditions inside the bed, which leads to high temperature on the outlet, pressure drop, and formation of hot spots if no cooling system is installed. This situation has a negative influence on the catalyst and reaction equilibrium, as already discussed in Chapter 4.2. The entire setup is considered to be relatively complex, especially when a cooling system is practically necessary together with careful temperature control. Despite that, the advantages of adiabatic fixed-bed methanation are the high reaction rate and the possibility of producing steam at high temperatures. The promising solution for this type of reactor is the application of structured catalysts, to reduce hot spot pressure drop and limit the formation throughout improved heat transfer [START_REF] Fan | Recent trends in developments of active metals and heterogenous materials for catalytic CO2hydrogenation to renewable methane: A review[END_REF].

Separately from adiabatic fixed-bed reactors, cooled fixed-bed methanation was developed by Linde Company. The process is based on a cooled reactor with an integrated contorted heat exchanger and another adiabatic reactor. This technology was not commercially applied; however, methanol synthesis systems are developed with this technology, after adjustments [START_REF] Fan | Recent trends in developments of active metals and heterogenous materials for catalytic CO2hydrogenation to renewable methane: A review[END_REF].

One The advantage of a fluidized-bed reactor, in comparison to fixed-bed reactors, is effective heat removal, which allows one reactor to be used instead of a series of several reactors. On the other hand, fluidization leads to mechanical destruction of both the catalyst and the walls of the reactor, leading to a shorter lifetime of both the catalytic bed and the reactor [START_REF] Fan | Recent trends in developments of active metals and heterogenous materials for catalytic CO2hydrogenation to renewable methane: A review[END_REF].

Three-phase methanation developed by Chem Systems Inc. The so-called liquid phase methanation (LPM) was developed in the 1970s. The setup was based on a single three-phase reactor operating at a pressure of up to 70 bars. To optimize temperature control and heat removal, we suspended the catalyst in a mineral oil. The pilot plant operating with this technology produced 2000 m 3 /h of SNG under GHSV of 4,000 h -1 .

The high heat capacity of the liquid phase is a solution for controlling the temperature inside the reactor, which can operate under isothermal conditions. The disadvantages of this technological approach are related to the inert fluid in which the catalyst is suspended, such as evaporation and decomposition of that liquid, and additional resistance to mass transfer [START_REF] Fan | Recent trends in developments of active metals and heterogenous materials for catalytic CO2hydrogenation to renewable methane: A review[END_REF].

In Table 4 

Catalysts for CO2 methanation

Methanation is a complex redox reaction in which the change in the oxidation state of the carbon atom is related to the high kinetic barriers of the eight-electron shift, therefore, the catalytic material should be characterized with a high reduction potential (Eq. 4.1).

The design of an effective catalyst for methanation requires the consideration of active material, support, and eventually promoter. Similarly, the preparation method, active material loading, and support surface properties are important [START_REF] Wang | Methanation of carbon dioxide: An overview[END_REF]. In addition to the activity towards CO2 hydrogenation, features such as stability, selectivity to methane, catalyst stability, price, and manufacturing method should be considered when preparing the catalytic material. The activity of metallic centers in the methanation reaction is correlated as follows: Ru>Ir>Rh>Ni>Co>Os>Pt>Fe>Mo>Pd>Ag [START_REF] Mills | Catalytic methanation[END_REF].

The main focus is kept on the nickel-based catalyst, since the application of noble metals is uneconomical. Nickel is also more selective than ruthenium in the formation of methane than longer aliphatic chains [START_REF] Olesen | A Study of Deactivating Carbon Species during Methanation on a Ni/Al2O3 Catalyst[END_REF].

The deactivation of the nickel catalyst that occurs at lower temperatures is related to the formation of carbon and, at higher temperatures, to metal sintering [START_REF] Olesen | Deactivating Carbon Formation on a Ni/Al2O3 Catalyst under Methanation Conditions[END_REF]. Both the water content and the high temperature regime lead to the agglomeration of nickel crystallites to larger fractions, which is directly related to the reduction of surface free energy and the decrease in nickel dispersion over the surface [START_REF] Bai | The sintering of Ni/Al2O3 methanation catalyst for substitute natural gas production[END_REF]. Two mechanisms are responsible for this phenomenon: at low temperatures, its collision and coalescence of particles that migrate over the carrier, and at high temperatures, its migration of metal atoms or small particles (atom migration) [START_REF] Rostrup-Nielsen | High temperature methanation. Sintering and structure sensitivity[END_REF]. Mebrahtu 4.5 [START_REF] Bartholomew | Catalysis Reviews : Science and Reforming and Methanation Carbon Deposition in Steam Reforming and Methanation[END_REF][START_REF] Bartholomew | Mechanisms of catalyst deactivation[END_REF]. In summary, the carbon formation of the methanation catalyst leads to: (a) cover of the metallic site, (b) blocking of small pores, (c) encapsulation and total deactivation of the metallic particle, and (d) stress and fracture of the support by strong carbon filaments in extreme cases [START_REF] Bartholomew | Mechanisms of nickel catalyst poisoning[END_REF].

The serious threat to a methanation catalyst is the presence of sulphuric compounds (H2S, organic sulphides) in the feed gaseseven a few ppm of these constituents can permanently poison the catalyst, since adsorption over active centers is irreversible, without the possibility of further removal with gases such as hydrogen, oxygen, air or steam [START_REF] Bartholomew | Mechanisms of nickel catalyst poisoning[END_REF].

Nickel-based catalyst

Nickel deposited on various carriers was tested as a catalyst for methanation. The method of preparation and properties of the support material strongly influence the catalytic performance. Al2O3 is a popular material used as support due to its low price, availability, satisfactory specific surface area, and inhibition of Ni sintering [START_REF] Ma | Methanation of syngas over coral reef-like Ni/Al2O3 catalysts[END_REF]. Although the silica gel had a specific surface area seven times higher and resulted in higher carbon dioxide conversions, its selectivity for methane was lower compared to the rice fly ash-based catalyst, where the dispersion of nickel was three times higher [START_REF] Chang | Nickel supported on rice husk ash -Activity and selectivity in CO2 methanation[END_REF].

In order to provide a highly mesoporous surface, Gac et in the methanation reaction [START_REF] Bacariza | Microand mesoporous supports for CO2 methanation catalysts: A comparison between SBA-15, MCM-41 and USY zeolite[END_REF]. Mineral aluminosilicates such as zeolites were also taken into account as carrier materials. The sodium-exchanged form of Y-zeolite and BETA-zeolite provided basicity to the support, increasing its capacity for CO2 adsorption.

In comparison to the protonic H-form of the latter zeolites, the addition of sodium only slightly increases the efficiency of the reaction. Especially, the selectivity for methane formation is very low compared to other catalysts presented in Table 4.4 [START_REF] Quindimil | Ni catalysts with La as promoter supported over Y-and BETAzeolites for CO2 methanation[END_REF]. Bacariza et al. carried out experiments on zeolites modified with different alkali anions, in various ratio exchanges, as a support for the 15 wt% nickel catalyst. The results obtained were the best for the exchange of ions with Li, among others such as K, Na, Cs, Mg, Ca, and Ba, although the results for all the tested cations were quite similar, especially in terms of selectivity [START_REF] Bacariza | The effect of the compensating cation on the catalytic performances of Ni/USY zeolites towards CO2 methanation[END_REF]. Bentonite appeared to be an interesting catalyst for CO2 methanation, giving very good selectivity and activity with a nickel load of 20 wt%, prepared with solution combustion synthesis compared to the catalyst prepared with impregnation [START_REF] Jiang | Ni/bentonite catalysts prepared by solution combustion method for CO2 methanation[END_REF]. Cerium oxide (IV) is also a popular support for methanation catalysts. It is less economical than Al2O3, but the results obtained for such catalysts are very promising.

The activity of the cerium oxide-based catalyst was also found to be proportional to the specific surface area of that material [START_REF] Le | CO and CO2 methanation over supported Ni catalysts[END_REF]. Le [START_REF] Ratchahat | Development of a powerful CO2 methanation process using a structured Ni/CeO2 catalyst[END_REF], [START_REF] Fukuhara | A novel nickel-based structured catalyst for CO2methanation: A honeycomb-type Ni/CeO2catalyst to transform greenhouse gas into useful resources[END_REF]. Another research on structured catalysts was carried out with the use of a 500 cpsi cordierite monolith covered via solution combustion synthesis with gadolinium-doped ceria and nickel. The samples were most active at a temperature of ca. 450 ℃ due to kinetic limitations at lower temperatures.

Furthermore, the investigated material was stable during the 200 h test [START_REF] Vita | Activity and stability of powder and monolith-coated Ni/GDC catalysts for CO2 methanation[END_REF]. USY zeolite impregnated with cerium and nickel was tested as a catalyst after its basicity increased with the exchange of protons to Na ions. It was proven that the formation of NiO species is much faster for impregnated zeolite than after ion exchange. CeO2 also promotes the reduction of CO2 to CO [START_REF] Graça | CO2 hydrogenation into CH4 on NiHNaUSY zeolites[END_REF]. The widely investigated support material for methanation is also ZrO2, due to its high thermal stability, resistance to coke formation, and inhibition of metal sintering at elevated temperatures [START_REF] Martínez | High selectivity and stability of nickel catalysts for CO2 Methanation: Support effects[END_REF]. Nickel catalysts based on zirconium oxide were prepared via alternative methods and compared. Yamasaki et al. investigated finely grained nickel catalysts supported in zirconia by oxidation and subsequent reduction treatments, which eventually resulted in better performance during the catalytic test than the analogical material prepared with impregnation [START_REF] Yamasaki | Compositional dependence of the CO2 methanation activity of Ni/ZrO2 catalysts prepared from amorphous Ni-Zr alloy precursors[END_REF]. An interesting method for the preparation of Ni/ZrO2 catalyst was the combustion synthesis. It was proved that the use of the combustion medium does influence the structural properties of the material and subsequent catalytic performance. The best medium was decided to be urea and an optimal nickel concentration of 15 wt%. Even if the catalytic tests for the samples obtained by the solution combustion method and impregnation were very similar, the first was found to be more stable during the 150-hour test [START_REF] Zhao | Highly efficient Ni/ZrO2 catalysts prepared via combustion method for CO2 methanation[END_REF]. Research in which zirconia support enriched with yttrium was investigated confirmed the influence on the Y 3+ effect during methanation. The optimal yttrium content was found to be 0.333 in the molar ratio.

The best Y-doped catalyst gave much better activity than one with unmodified support, however, for the best samples, the conversion of CO2 was of 36% at 400 °C. In all cases, the support was prepared using the sol-gel method and then impregnated with nickel in an atomic ratio to the support of 1 [START_REF] Takano | Highly active Ni/Y-doped ZrO 2 catalysts for CO 2 methanation[END_REF]. The Volkonskoite clay was modified with zirconia to check whether its addition may improve the properties of the clay support.

The zirconia content ranged from 5 to 20% by weight. Catalytic tests confirmed that the increase in the share of zirconia in clay material improves catalytic activity [START_REF] Lu | Mesoporous zirconia-modified clays supported nickel catalysts for CO and CO2 methanation[END_REF]. A zirconia support enriched with samarium was also examined as a support. The presence of Sm stabilizes the tetragonal zirconia and increase the number of surface nickel atoms.

Yamasaki et al. presented that an increase in nickel content in the sample with 5% samarium in support indicates an increase in activity; however, the highest CO2 conversion was obtained in the sample with medium Ni content and without Sm, prepared as a Ni-Zr-Sm alloy using the metal spinning method [START_REF] Yamasaki | CO2 methanation catalysts prepared from amorphous Ni-Zr-Sm and Ni-Zr-misch metal alloy precursors[END_REF]. The continuation of that research consisted of testing similar samples, but prepared via a simple wet impregnation of nickel on Zr-Sm alloy. The materials obtained showed lower activity in the methanation process than those prepared with amorphous nickel-zirconium-samarium alloys [START_REF] Habazaki | Methanation of carbon dioxide on Ni/(Zr-Sm)O(x) catalysts[END_REF]. Melt-spinning method [START_REF] Yamasaki | CO2 methanation catalysts prepared from amorphous Ni-Zr-Sm and Ni-Zr-misch metal alloy precursors[END_REF] The nickel catalysts, presented in Table 4.6, were tested with various oxide supports and no promoter. Ni/Y2O3 systems exhibit excellent activity in the hydrogenation of CO2 to methane [START_REF] Muroyama | Carbon dioxide methanation over Ni catalysts supported on various metal oxides[END_REF]. Yan et al. investigated the use of different yttrium precursors for the synthesis of the catalyst, mostly to provide information on the CO poisoning of the material. They found that the best metal support is provided with the use of YO(NO3) as a precursor to the synthesis of the catalyst. The catalyst obtained was both very active and stable (up to 80 hours in the stream) with resistance to coking [START_REF] Yan | Improved stability of Y2O3 supported Ni catalysts for CO2 methanation by precursor-determined metal-support interaction[END_REF]. On the other hand, niobic supports have been widely studied for Fisher-Tropsch reaction. It is noted that Nb2O5 provides strong interactions with metallic sites [START_REF] Den | Highly selective and active niobia-supported cobalt catalysts for fischer-tropsch synthesis[END_REF]. Research showed that the calcination temperature of Nb2O5 affects its acidity and, later, the size of the nickel crystallites on the surface. Likewise, the activity of niobium supported catalyst for methanation and its stability up to 50 hours in the stream are satisfactory [START_REF] Gnanakumar | Highly efficient nickel-niobia composite catalysts for hydrogenation of CO2 to methane[END_REF]. The lanthanum oxide-based catalyst exhibited excellent activity and selectivity even at low temperature methanation, below 350 ℃, where direct hydrogenation of CO2 may be promoted [START_REF] Vesselli | Carbon dioxide hydrogenation on Ni(110)[END_REF]. Furthermore, the nickel-support interaction was observed only in the near-surface region, excluding the bulk [START_REF] Song | Methanation of Carbon Dioxide over a Highly Dispersed Ni/La2O3 Catalyst[END_REF]. Zhou et al. [START_REF] Vesselli | Carbon dioxide hydrogenation on Ni(110)[END_REF] confirmed that methanation over the Ni/TiO2 catalyst is a highly structure sensitive reaction, and catalysts prepared by discharge of the dielectric barrier obtain much better results than traditional anatase impregnation [START_REF] Zhou | Effect of the structure of Ni/TiO2 catalyst on CO2 methanation[END_REF]. The pretreated nickel sponge was also tested as a catalyst for methanation. In that case there was no support material, the sponge itself contained 92.5% metallic Ni. Pretreatment was used to eliminate the crystalline defects of nickel present in the commercial sponge. Catalytic tests gave satisfactory results, with CO2 conversion above 80% at relatively high GHSV [START_REF] Tada | Sponge Ni catalyst with high activity in CO2 methanation[END_REF]. 

Noble-metal-based catalyst

Noble metals, especially those of the platinum group, are very interesting as a material for the CO2 methanation reaction. They are active at low temperatures (below 350 ℃)

and are highly selective. They are also capable of activating both C=O and H-H bonding.

The biggest disadvantage of their application is the increased cost of materials followed by limited availability [START_REF] Tolod | Horizons in Sustainable Industrial Chemistry and Catalysis[END_REF].

Rhodium and ruthenium have been intensively tested as a catalyst for CO2 hydrogenation since the 1970s. According to the Johnson Matthey base prices, one troy oz. of ruthenium costs about 530 USD, when one troy oz. of rhodium is, 16850 USD (on 2 nd February 2022). In that case, the price makes a significant difference. Moreover, during the Covid-19 pandemic, the prices of noble metals doubled or, in some cases, even tripled [START_REF] Kulpe | [END_REF]. In Tables 4.7 and 4.8, catalysts based on the aforementioned metals are presented.

Both supported and unsupported rhodium-based catalysts are efficient during methanation. In the case of supported catalysts, the amount of noble metal is very small (up to a few percent), mostly in order of cost reduction. In the late 1970s, Sexton et al.

tested polycrystalline rhodium foil. The catalyst was found to produce methane exclusively and with a lower activation energy in the case of CO2 than hydrogenation of CO. Very important was the surface pretreatment: depending on the applied agent (acetylene, oxygen, etc.), the selectivity to various products differed [START_REF] Sexton | The hydrogenation of CO and CO2 over polycrystalline rhodium: Correlation of surface composition, kinetics and product distributions[END_REF]. Mesoporous rhodium nanoparticles prepared and investigated as a material for CO2 methanation were compared with nanoparticles without such an architecture. With an increase in the reaction temperature, the selectivity to methane decreased in favour of CO. The mesoporous sample was twice as active as the non-porous equivalent, however, the main difference was observed in the case of selectivity: the non-porous material was highly selective towards CO formation (up to 100%) [START_REF] Arandiyan | Highly Selective Reduction of Carbon Dioxide to Methane on Novel Mesoporous Rh Catalysts[END_REF]. Buchel et al. investigated rhodium promoted with Ba and K, supported on alumina. Catalysts were most efficient at 400 ℃, and later the water-gas shift reaction dominated the process. It was observed that the Bacontaining catalyst was more selective in the formation of methane, while the Kcontaining catalyst mainly formed CO [START_REF] Büchel | Effect of Ba and K addition and controlled spatial deposition of Rh in Rh/Al2O3 catalysts for CO2 hydrogenation[END_REF]. The bimetallic Pd core with Rh shell nanocatalysts deposited in alumina was more selective to methane than Rh and Pd separately, however, at the same time it was more likely to sinter with increasing temperature [START_REF] Pan | Rhodium-on-Palladium Nanocatalysts for Selective Methanation of Carbon Dioxide[END_REF]. Low temperature methanation (160 to 220 ℃) was carried out on rhodium supported on palm shell activated carbon (PSAC). As a comparison, a similar nickel-based catalyst was synthesized on PSAC. In the reaction, the Rh-based material was twice as active as the Ni-based material and much more stable, losing only 2.8% of the activity in the 10-cycle test [START_REF] Younas | CO2 methanation over Ni and Rh based catalysts: Process optimization at moderate temperature[END_REF]. The ruthenium-based methanation catalyst is considered the most stable and active among others [START_REF] Kuznecova | Property based ranking of CO and CO2 methanation catalysts[END_REF]. Ru catalysts deposited on different supports, such as alumina [START_REF] Garbarino | Methanation of carbon dioxide on Ru/Al2O3: Catalytic activity and infrared study[END_REF][START_REF] Mutschler | CO2 hydrogenation reaction over pristine Fe, Co, Ni, Cu and Al2O3 supported Ru: Comparison and determination of the activation energies[END_REF][START_REF] Tsuchiya | Suspended spray reaction for preparation of Ru/Al2O3 catalyst[END_REF] titania [START_REF] Panagiotopoulou | Methanation of CO2 over alkali-promoted Ru/TiO2 catalysts: II. Effect of alkali additives on the reaction pathway[END_REF][START_REF] Kamble | Effect of surface morphology on the adsorption states of CO over Ru/TiO2 and Ru/Al2O3 catalysts: FTIR study[END_REF] or cerium oxide [START_REF] Sakpal | Structure-dependent activity of CeO2 supported Ru catalysts for CO2 methanation[END_REF][START_REF] Upham | CO2 methanation by Ru-doped ceria: The role of the oxidation state of the surface[END_REF] have been extensively studied [START_REF] Kowalczyk | Supported ruthenium catalysts for selective methanation of carbon oxides at very low COx/H2 ratios[END_REF]. The infrared study of methanation on the Ru/Al2O3 catalyst suggests two possible paths of reaction: through surface carbon formed through CO dissociation and its subsequent hydrogenation and through formyl species from direct reduction of adsorbed CO2 that also later hydrogenated to methane. Such a catalyst presents activity above 80% and a total selectivity towards methane with a loading of ruthenium of 1 wt% [START_REF] Zheng | CO2 Methanation over Supported Ru/Al2O3 Catalysts: Mechanistic Studies by In situ Infrared Spectroscopy[END_REF]. A very active catalyst at low temperature (200 ℃) was obtained while promoting Ru with Mn on an alumina support enriched in Ce. This catalyst was stable for up to six working cycles, and after regeneration, its activity was almost completely restored. The decrease in activity was related to the agglomeration of ruthenium oxide with manganese oxide, which resulted in a decrease in the specific surface area [START_REF] Toemen | Methanation of carbon dioxide over Ru/Mn/Ce-Al2O3 catalyst: In-depth of surface optimization, regeneration and reactor scale[END_REF]. Rosid et al. also tested a

Ru-based catalyst with different loadings of neodymium, manganese, and ruthenium. The Mn-Nd catalyst supported on Al2O3 was not very efficient during the reaction, as it was not possible to achieve conversion above 40% at 400 °C, but with the addition of Ru, complete conversion of this material was registered. It is claimed that the excessive amount of Nd may block the active sites. With increasing Ru content in the catalyst, the selectivity to methane was improved [START_REF] Rosid | Physicochemical characteristic of neodymium oxide-based catalyst for in-situ CO 2 /H 2 methanation reaction[END_REF]. A similar Ru/Mn catalyst prepared by incipient wetness impregnation with Cu as a promoter gave a complete conversion of CO2 at 200 °C, but its selectivity to methane was 70% [START_REF] Zamani | The investigation of Ru/Mn/Cu-Al2O3 oxide catalysts for CO2/H2 methanation in natural gas[END_REF]. The performance of Ru/Al2O3 was compared to Ru in binary alumina-titania oxide. It was observed that with the addition of titania, the reaction rate at 225 ° C was three times higher than for the reference sample based on alumina [START_REF] Xu | CO2 methanation over TiO2-Al2O3 binary oxides supported Ru catalysts[END_REF]. The Ru/TiO2 catalyst gave complete CO2 conversion to methane at 160 ℃ however applied GHSV was extremely low, below 1000 ml•h -1 •gcat -1 .

The chosen method of preparation, which was polygonal barrel sputtering, provided a very good dispersion of nanocrystalline particles. The analogical catalyst prepared with wet impregnation obtained similar results at temperatures above 200 ℃ [START_REF] Abe | CO2 methanation property of Ru nanoparticle-loaded TiO 2 prepared by a polygonal barrel-sputtering method[END_REF]. Palladium and platinum were also considered catalysts for CO2 hydrogenation, but according to the literature, these materials are more sustainable for the synthesis of methanol or methane oxidation rather than methanation [START_REF] Nerozzi | Heterogeneous catalytic hydrogenation[END_REF], [START_REF] Pelagatti | Palladium and Platinum[END_REF], [START_REF] Bai | Highly Efficient Carbon Dioxide Hydrogenation to Methanol Catalyzed by Zigzag Platinum-Cobalt Nanowires[END_REF]. Especially platinum has very low selectivity towards methane, supporting the formation of CO in the reverse water gas shift reaction, with very low overall CO2 conversion [START_REF] Kattel | CO2 hydrogenation on Pt, Pt/SiO2 and Pt/TiO2: Importance of synergy between Pt and oxide support[END_REF]. Transition metal-based catalyst D-block metals from the fourth group such as copper, cobalt, iron, and vanadium have been widely tested as a promoter for the nickel-based methanation catalyst. Among the elements mentioned, copper is applied as a catalyst for the hydrogenation of CO2 to methanol [START_REF] Grabow | Mechanism of methanol synthesis on cu through CO2 and CO hydrogenation[END_REF][START_REF] Nakamura | Comment on "Active sites for CO2 hydrogenation to methanol on Cu/ZnO catalysts[END_REF][START_REF] Larmier | CO2-to-Methanol Hydrogenation on Zirconia-Supported Copper Nanoparticles: Reaction Intermediates and the Role of the Metal-Support Interface[END_REF], Co and Fe in the Fisher-Tropsch synthesis [START_REF] Feyzi | Cobalt-iron nano catalysts supported on TiO2-SiO2: Characterization and catalytic performance in Fischer-Tropsch synthesis[END_REF][START_REF] Chien | Effect of co pretreatment on the iron-catalyzed fischertropsch synthesis[END_REF][START_REF] Abrokwah | Development of Mesoporous Nanocatalysts for Production of Hydrogen and Fisher Tropsch Studies[END_REF] and vanadium in the selective catalytic reduction of NOx [START_REF] Garbarino | Support effects in metal catalysis: a study of the behavior of unsupported and silica-supported cobalt catalysts in the hydrogenation of CO2 at atmospheric pressure[END_REF] - [START_REF] Liu | CO2 hydrogenation to methane over Co/KIT-6 catalysts: Effect of Co content[END_REF].

Amorphous cobalt nanoparticles were tested as a catalyst for CO2 methanation. Different precursors were used to form metallic sites, among which the best was Co2(CO)8. The catalytic performance of the prepared materials was not very satisfactory, resulting in activity less than 50% and a very low selectivity to methane [START_REF] Riani | Unsupported cobalt nanoparticles as catalysts: Effect of preparation method on catalytic activity in CO2 methanation and ethanol steam reforming[END_REF]. For Co supported on silica, cobalt acetate and nitrate were used as precursors for a catalyst synthesis. It was observed that the Co/SiO2 sample originated from nitrate impregnation resulting in better performance during the reaction, probably due to different pH conditions that improved surface properties of silica [START_REF] Garbarino | Support effects in metal catalysis: a study of the behavior of unsupported and silica-supported cobalt catalysts in the hydrogenation of CO2 at atmospheric pressure[END_REF]. Tursunov and Tilyabaev [START_REF] Riani | Unsupported cobalt nanoparticles as catalysts: Effect of preparation method on catalytic activity in CO2 methanation and ethanol steam reforming[END_REF] investigated cobalt catalysts based on carbon nanotubes, carbon nanotubes with niobium, and niobium itself.

Research proved that addition of niobium increases selectivity toward methane formation to total. Supporting cobalt in nanotubes reduced deactivation degree [START_REF] Tursunov | Hydrogenation of CO2 over Co supported on carbon nanotube, carbon nanotube-Nb2O5, carbon nanofiber, low-layered graphite fragments and Nb2O5[END_REF]. The ordered mesoporous silica KIT-6 with a Co loading of 15 to 30% was found to be a promising material. The increase in cobalt content improved material dispersion over the surface. In addition, samples with a higher metal content were more selective in favor of methane formation. Among the tested catalysts, the most effective was the one with 25% Co loading. A maximum conversion of CO2 of 53% was obtained at 360 °C [START_REF] Liu | CO2 hydrogenation to methane over Co/KIT-6 catalysts: Effect of Co content[END_REF].

Furthermore, extremely active and stable up to 250 h on stream catalyst was prepared with Co4N as active material on alumina [START_REF] Razzaq | A highly active and stable Co4N/γ-Al2O3 catalyst for CO and CO2 methanation to produce synthetic natural gas (SNG)[END_REF]. Furthermore, the use of cobalt nitride instead of metallic cobalt improves the adsorption capacity of the catalyst. Elevated stability and activity may be associated with an increase in the basicity of nitrate and its very strong bond with the support [START_REF] Razzaq | A highly active and stable Co4N/γ-Al2O3 catalyst for CO and CO2 methanation to produce synthetic natural gas (SNG)[END_REF]. A bimetallic catalyst with 5 wt% Ni and 5 wt%

Co was also investigated on alumina. The presence of cobalt increased the basicity, but at the same time caused slower dissociation of hydrogen because of the presence of large crystallites. The results were worse in terms of both activity and selectivity compared to those of the monometallic nickel catalyst [START_REF] Sun | Ni catalysts supported on nanosheet and nanoplate Γ-Al2O3 for carbon dioxide methanation[END_REF]. The promotion effect of Co, Cu, and Fe on the Ni/ZrO2 catalyst was examined by Ren et al. The catalyst containing 30 wt% of nickel was enriched with a few wt% of the chosen promoter. Among the materials applied, the most successful sample was the one with the addition of 3 wt% iron, which tends to improve the degree of reduction and dispersion of Ni, improving the partial reduction of zirconia. Also, the performance of the 3 wt% cobalt-promoted catalyst was similar to that of the iron analogue, however, with lower selectivity to methane. The catalyst containing copper was relatively very selective for longer aliphatic chains such as ethane and propane [START_REF] Ren | Methanation of carbon dioxide over Ni-M/ZrO2 (M = Fe, Co, Cu) catalysts: Effect of addition of a second metal[END_REF]. Similar research was carried out by Lu et al. but on a catalyst with a much lower nickel content (5 wt%), supported on Volkonskoite clay. Among the promoters tested, iron resulted in the most promising results in the case of CO2 conversion and selectivity to CH4. Compared to a nickel catalyst without promoters, iron-promoted was a few percent less active at the maximal point, but almost 10% more selective towards methane [START_REF] Lu | Ce or La) doped nickel catalyst supported on ZrO2 modified mesoporous clays for CO and CO2 methanation[END_REF]. The effect of copper promotion on the Ni/SiO2 catalyst was examined. It was found that even a small addition of copper of 1 wt% promoted the reverse water gas shift reaction, increasing the selectivity of the catalyst towards CO formation and decreasing the yield of methane [START_REF] Dias | Carbon dioxide methanation over Ni-Cu/SiO2 catalysts[END_REF]. The promotion of the Ni/bentonite catalyst with vanadium oxide resulted in a material resistant to coking and sintering. Among the VOx concentrations, 3 wt% gave the best results in terms of CO2 conversion, as excess vanadium tends to cover nickel sites. All of the vanadium-promoted samples were very selective for methane. Satisfactory results of the promoted samples are assigned to improving Nibentonite interactions and increasing dispersion [START_REF] Lu | VOx promoted Ni catalysts supported on the modified bentonite for CO and CO2 methanation[END_REF]. 

000 ml•h -1 •gcat -1 co- impregnation [186]
According to the literature, materials such as Mo or W are expected to improve the resistance of the catalyst to sulphur poisoning, but their activity in the methanation process is much lower than that of Ni. It may be explained by the difficulty in obtaining pure, reduced Mo, or W metallic sites [START_REF] Kelley | Activity of tungsten as a methanation catalyst[END_REF]. Due to this, different molybdenum compounds were tested for their applicability in CO2 methanation. Saito and Anderson compared the catalytic performance of MoO3, MoO2, MoS2, Mo, Mo2C, and Mo2N

among which the most effective in the CO2 hydrogenation reaction was molybdenum carbide. The activity of the investigated materials can be listed as follows: Ni> Mo2C>Mo> Mo2N> MoO2> MoS2> MoO3. Mo compounds are found to be active in the water-gas shift reaction. Molybdenum carbide tends to be very active in methanation, but its selectivity to higher hydrocarbons is relatively high [START_REF] Saito | The activity of several molybdenum compounds for the methanation of CO2[END_REF]. La2O3 is usually used as a catalyst electronic modifier, improving the dispersion of nickel and increasing the charge trapping capacity [START_REF] Song | Methanation of Carbon Dioxide over a Highly Dispersed Ni/La2O3 Catalyst[END_REF]. In the case of Mo-based catalysts, support plays a crucial role in overall performance. Bulk MoS2 tends to be more selective to CO formation, but its deposition on graphene promotes selectivity to methane. The MoO3 deposited on graphene has a lower efficiency in CO2 conversion, but a higher selectivity to methane [START_REF] Primo | CO2 methanation catalyzed by oriented MoS2 nanoplatelets supported on few layers graphene[END_REF]. The MoO3/Al2O3 catalyst and the influence of promoters such as Co, Ni, and La were tested. Among the latter, the most positive influence on activity is noted for cobalt, but the highest selectivity was obtained by the Mo catalyst without promoters. The addition of Co and Ni especially increases the selectivity to ethane [START_REF] Lin | Effect of a promoter on the methanation activity of a Mo-based sulfur-resistant catalyst[END_REF]. Carburized molybdenum supported on alumina converted CO2 with efficiency 4.1% at 350℃ with increase to 26.5% at 500 ℃, with a very low selectivity to methane of 5.9% and 0.5%

respectively. The addition of nickel to this catalyst improved the first selectivity of CH4 to 98.1% at 350 °C [START_REF] Yao | da Costa, γ-Alumina-Supported Ni-Mo Carbides as Promising Catalysts for CO2 Methanation[END_REF]. Bimetallic Ni-Mo nitride supported on γ-Al2O3 is also more selective for carbon monoxide than methane, showing activity lower than 30% in terms of CO2 conversion [START_REF] Leybo | Bimetallic Ni -Mo nitride as the carbon dioxide hydrogenation catalyst[END_REF]. 

Hydrotalcite-based catalyst

Hydrotalcites, which are mixed layered hydroxides of bivalent and trivalent metals, have been found to be an interesting precursor for the preparation of mixed oxide catalysts [START_REF] Cavani | Hydrotalcite-type anionic clays: preparation, properties and applications, I I ( I99 I[END_REF]. This group of materials will be widely described in Chapter 5.1.1.

Hydrotalcites composed of Mg and Al may be used as a support and later impregnated with active material or promoter. Active centers are introduced directly into the structure during the synthesis of such a material. Not only an elemental composition, but additionally the ratio of M II+ to M III+ metals does influence catalytic performance.

Gabrovska et al. investigated the impact of the molar ratio of Ni to Al on the methanation

reaction. In the group of samples with Ni/Al ratios of 0.5, 1.5, and 3, the most effective was the one with the highest nickel content, followed by that of moderate composition.

All catalysts were ineffective at low temperatures, which was explained by high kinetic limitations [START_REF] Gabrovska | Ni-Al layered double hydroxides as catalyst precursors for CO 2 removal by methanation[END_REF]. Abate et al. tested the impact of pH during the co-precipitation of hydrotalcite on its later applicability as a methanation catalyst. The prepared samples, one at 8.7 and the second at 12 pH, had a Ni/Al molar ratio of 3. The most active in methanation was a sample synthesized at pH 12 [START_REF] Abate | Synthesis, Characterization, and Activity Pattern of Ni-Al Hydrotalcite Catalysts in CO2 Methanation[END_REF]. Ni/Al hydrotalcite tends to be a very competitive material because of the presence of strong basic sites, high metal dispersion, and strong reducibility. Its promotion with potassium even improved CO2 conversion and CH4 selectivity, which was assigned to the introduction of a few very strong basic sites [START_REF] He | Unique catalysis of Ni-Al hydrotalcite derived catalyst in CO2 methanation: Cooperative effect between Ni nanoparticles and a basic support[END_REF]. Different methods of hydrotalcite decomposition may be applied to improve the quality of the catalytic material. The decomposition with DBD plasma was compared to traditional calcination. The results show that hydrotalcite decomposed with DBD plasma was more effective during the methanation reaction. The use of plasma enhances the nickel-support interaction. Furthermore, the reaction is carried out by a different route, through formate dissociation instead of carbonate formation [START_REF] Fan | Improved activity of Ni/MgAl2O4 for CO2 methanation by the plasma decomposition[END_REF].

Wierzbicki et al. tested a series of hydrotalcites Ni/Mg/Al with various nickel content.

Among the investigated concentrations of Ni (10.3, 16.2, 27.3, 36.8, 42.5) the most effective was the one with the highest nickel content. Especially, a difference in activity was observed in the low-temperature regime (250 °C), where the sample with the lowest nickel content exhibited a result of 4% while the sample with the highest content obtained 72%. The introduction of more nickel species led to an increase in the number of mediumstrength basic sites, which affected reaction. Activity was found to grow almost linearly with increasing content of medium-strength basic sites [START_REF] Braga | Acceleration of arylzinc formation and its enantioselective addition to aldehydes by microwave irradiation and aziridine-2-methanol catalysts[END_REF]. Later, the promotion of Ni/Mg/Al hydrotalcite with La with respect to CO2 methanation was examined. In the group of materials tested with 15 wt% nickel and 1, 2, and 4 wt% lanthanum in fresh samples, the most active was one with moderate La content, which is directly related to the basicity of the catalytic material [START_REF] Wierzbicki | Novel Ni-La-hydrotalcite derived catalysts for CO2 methanation[END_REF]. Furthermore, a method of incorporation of La to hydrotalcite was investigated. The authors compared the coprecipitation of hydrotalcite with lanthanum, impregnation, and ion exchange with the EDTA-La complex. Of the applied methods, the most successful were samples prepared via ion exchange. That difference is assigned to the influence of the La incorporation method on the basicity of the catalyst [START_REF] Wierzbicki | The influence of lanthanum incorporation method on the performance of nickel-containing hydrotalcite-derived catalysts in CO2 methanation reaction[END_REF]. Lanthanum changes the interaction between Ni and the matrix, the distribution of the basic sites, and their number [START_REF] Wierzbicki | Examination of the influence of La promotion on Ni state in hydrotalcite-derived catalysts under CO2 methanation reaction conditions: Operando X-ray absorption and emission spectroscopy investigation[END_REF]. for the MCR catalyst is estimated to be 45,000 hours [START_REF] Topsøe | From solid fuels to substitute natural gas (SNG) using TREMP[END_REF][START_REF] Crossley | From coal to clean energy[END_REF][START_REF] París | Catalytic conversion of biomass-derived synthesis gas to fuels[END_REF].

Solid solutions of mixed oxides

As discussed in Chapter 4.4, the solid solution of mixed oxides is an interesting catalyst for the CO2 methanation reaction. The introduction of more than one oxide compound into the support matrix provides additional properties and leads to the synergistic effect of both components. In particular, thermal decomposition of hydrotalcites is an effective path for the synthesis of an active and stable multielemental catalyst. The nature of hydrotalcites will be explained further in the present chapter.

Hydrotalcites

Structure and nature of hydrotalcites

Hydrotalcite is a mineral that is directly connected to its nature, hydro due to the large amount of water binded inside the structure, and talc due to the resemblance to talc.

Hydrotalcites, known also as anionic clays or layered double hydroxides (LDHs), occur in the natural environment, i.e., in Scandinavia, where they were discovered in 1842 year.

There are two recognized polytypes of hydrotalcite, the first characterized by rhombohedral symmetry (mainly found in nature) and the second one, presenting hexagonal symmetry, called manasseite. Synthetic hydrotalcite is also possible with a general chemical formula presented in Eq. 5.1.

𝑀 (1-𝑥) 2+ 𝑀 𝑥 3+ (𝑂𝐻) 2 (𝐴 𝑛-)𝑥 𝑛 • 𝑚𝐻 2 𝑂 Eq. 5.1
where: M 2+ is a bivalent metal ion, M 3+ is a trivalent metal ion, x is cation stoichiometry, and A is anion.

Hydrotalcites consist of layers and interlayer region (Fig. 5.1). The layers are characterized by the structure of brucite (Mg(OH)2) with octahedra (6 times coordinated to OH -) where the cations occupy the octahedral holes in the packed configuration of the OH -ions. The layers are held in a stack by hydrogen bonding. Mg 2+ ions can be substituted for trivalent ions with a similar ionic radius, such as Al 3+ . In such a situation, a positive charge is generated on the layers, but is compensated later with the ions presented in the interlayer region. The nature of the anion may be different depending on the type of precursor used for synthesis, although the most common is CO3 2-. The interlayer region is randomly occupied with water molecules and anions [START_REF] Cavani | Hydrotalcite-type anionic clays: preparation, properties and applications, I I ( I99 I[END_REF].

The parameter x indicating the stoichiometric ratio of bivalent to trivalent metal cations needs further explanation in accordance with Eq. 5.1. It is reported that the LDH structure can exist when x is in the range from 0.1 to 0.5, however, pure hydrotalcite can be obtained only if 0.2 ≤ x ≤ 0.33. Due to the repulsion of the positive charge, Al 3+ do not neighbour in the brucite-like layers, when x is lower than 0.33. Values of x greater than 0.33 lead to the formation of Al(OH)3 related to the increase in the number of neighbouring Al 3+ octahedra. A similar situation is observed if the x parameter is lower than 0.2; thus, the high density of Mg octahedra in the brucite-like sheets becomes a nucleus to form Mg(OH)2. Hydrotalcites are characterized with the unit cell parameter a, as an index of nonstoichiometry with respect to the formation of pure hydrotalcite, which is decreasing, with an increase of x [START_REF] Cavani | Hydrotalcite-type anionic clays: preparation, properties and applications, I I ( I99 I[END_REF]. In case of anion introduction to the interlayer region, the only limitation is the well-synthesis of a crystallized material. Furthermore, if the anion is different from CO3 2- , the structure is probably contaminated with CO2 present in the aqueous solution. Anions that are possible to be introduced into the LDH structure are: (i) inorganic anions (Cl -, Br -

F -, I -, NO3 -, ClO4 -, ClO3 -, IO3 -, OH -, SO4 2-, S2O3 2-, WO4 2-, CrO4 2-, [Fe(CN)6] 3-,[Fe(CN)6] 4-
, [Si(OH)3] -); (ii) heteropolyacids (PMo12O40) 3-, (PW12O40) 3-, etc.; (iii) organic acids (oxalic, succinic, malonic, sebacic), arylsulfonates, chlorocinnamic acid, metalorganic complexes; (iv) layered compounds, as in the mineral chlorite. The thickness of the interlayer region is influenced by the concentration, size, orientation of the anion and the strength of its bonding with the hydroxyl group in sheets similar to brucite [START_REF] Cavani | Hydrotalcite-type anionic clays: preparation, properties and applications, I I ( I99 I[END_REF]. The unit cell parameter a is not affected by an interlayer anion, however, the thickness of an interlayer region, characterized as c'-4.8Å, where c' is a thickness of interlayer plane from XRD spacing of the plane (006), and 4.8 Å is the thickness of the brucite-like layer, increases linearly with the anionic radius [START_REF] Cavani | Hydrotalcite-type anionic clays: preparation, properties and applications, I I ( I99 I[END_REF].

Value of m from Eq. 5.1 also varies, as water molecules occupy those sites that are not already occupied by the anions. The value m is determined empirically via thermogravimetric measurement or can be calculated with Equations 5.2 or 5.3.

𝑚 = 1 - 3𝑥 2 + 𝑑 Eq 5.2 𝑚 = 1 - 𝑁𝑥 𝑛 Eq. 5.
3

Where: d is equal to 0.125; N is the number of sites occupied by the anion; n is the charge of the anion; x as in Eq. 5.1 [START_REF] Rives | Characterisation of layered double hydroxides and their decomposition products[END_REF].

Synthesis of hydrotalcites

There are six main approaches to the synthesis of hydrotalcites: 

Precipitation at constant pH

It is the most widely used approach for the synthesis of hydrotalcites, and it allows the synthesis of a material containing two or more cations. Necessary for efficient synthesis are conditions of supersaturation, obtained first through adjusting the pH. The optimal pH value should be equal to or greater than the one at which the most soluble hydroxide precipitates, usually in the range of 8 to 10. Desired cations are preferably introduced from nitrate or chloride salts, which are characterized by low affinity for the brucite layers. There are three possible approaches on precipitation itself:

i. sequential precipitation (increasing pH method) -the solution of precursors is titrated with NaOH or NaHCO3;

ii. constant pH at low supersaturationtwo diluted solutions (0.5-2 mol/dm 3 ) are added simultaneously to the single container, one stream contains cation precursors, and the second stream is base (NaOH/KOH/NaHCO3) to control the pH;

iii. constant pH at high supersaturation -a solution containing cation presursors is added very quickly to the solution of NaOH or NaHCO3 [START_REF] Cavani | Hydrotalcite-type anionic clays: preparation, properties and applications, I I ( I99 I[END_REF].

Hydrothermal synthesis

The starting point of the hydrothermal synthesis method is the suspension of oxides or hydroxides of cations of M 2+ and M 3+ , to which the chosen acid or salt is added to form a suspension. The obtained suspension was later treated inside the hydrothermal reactor at high pressure and temperature. Compared to co-precipitation, the hydrothermal method does not generate waste water. This method is also effective for the introduction of organic guest species into the interlayer region. With the hydrothermal method, the final particle sizes and morphology of the hydrotalcite obtained can be controlled [START_REF] Bini | Layered Double Hydroxides (LDHs): Versatile and Powerful Hosts for Different Applications[END_REF].

Solution combustion synthesis

The solution combustion synthesis is probably the fastest method to prepare hydrotalcites. It is based on the explosive decomposition of organic fuel (such as urea or glycine) in which CO2 and H2O are released, to later form complexes with metal precursors. Reaction is first initiated, and then promoted with the heat energy released from the fuel and supplied to the precursors. An additional advantage of this synthesis approach is the lack of solvents that lead to the production of waste water [START_REF] Patil | Combustion Synthesis: An Update[END_REF].

Urea hydrolysis

The urea hydrolysis method developed by Constantino et al. is based on the hydrolysis of urea to ammonia at increased temperature, which leads to an increase in the basicity of the solution and precipitation of LDH from the precursors present in the solution. In particular, the process inside the aqueous solution is based on the urea decomposition to ammonia and HNCO. Under certain pH conditions, HNCO is converted to CO2, while ammonia takes up a proton to form NH4 + which later precipitates the metal nitrates. Both reactions lead to the consumption of H + , which results in an increase in pH. The entire synthesis takes several hours, depending on the desired level of crystallinity of the product [START_REF] Costantino | New synthetic routes to hydrotalcite-like compounds -Characterisation and properties of the obtained materials[END_REF].

Sol-gel synthesis

Sol-gel synthesis is one of the less popular methods, in which metallic alkoxides, acetates, acetylacetonates, or inorganic salts may be used as precursors. Hydrotalcites are obtained via the formation of a sol by hydrolysis and partial condensation of metallic precursors, followed by gel formation. The properties of synthesized LDHs are controlled with tuning parameters such as the pH, temperature, solvent, type, and concentration of the chosen precursors. The choice of this method leads to the formation of a product characterized by well-controlled pores, high specific surface area, and high purity [START_REF] Bini | Layered Double Hydroxides (LDHs): Versatile and Powerful Hosts for Different Applications[END_REF].

Exchange methods

The ion-exchange approach for the synthesis of hydrotalcites is applied only when the introduction of chosen metal ions is impossible through coprecipitation or other available methods, i.e., due to the interaction between the guest species and the metal ions or due to their lack of stability at high pH. In this method, preformed hydrotalcites, usually containing Cl -or NO3 -anions in the interlayer region, are placed in the solution saturated with the desired anions. Such a suspension is layer maintained for adequate time (several to a dozen hours) under stirring at the chosen temperature, so the ion exchange can occur between the solution of LDHs. This process is shorter than co-precipitation and its efficiency depends on the concentration and ability of the exchanged anions to stabilize within the layered structure [START_REF] Bini | Layered Double Hydroxides (LDHs): Versatile and Powerful Hosts for Different Applications[END_REF].

Properties of hydrotalcites

Depending on the chosen synthesis method, the chemical composition of the the brucite-like sheets, the type of anions in the interlayer region, and the properties of the the hydrotalcites vary significantly. There are, however, several nominative cases for hydrotalcites in general.

Thermal stability

One of the most significant properties of LDHs is their thermal stability. Products 

Memory effect

Memory effect is defined as the ability of the product of the thermal decomposition of a hydrotalcite precursor, containing a volatile anion (carbonate), to reconstitute the original layered double hydroxide structure upon adsorption of anions or exposure to air. This property strongly depends on the temperature of thermal decomposition and disappears above 450-600 °C.

Thermal decomposition takes place in two consecutive steps, as was previously discussed in the previous Subchapter 'Thermal stability'. MgO itself does not exhibit such strong basic properties as the product of thermally decomposed LDHs. The ratio of magnesium to aluminium is an important factor for surface basicity. According to the study, the higher the Mg/Al ratio (up to 17.6), the higher the number of basic sites on the surface. On the other hand, for low Mg/Al ratios (2.5), a significant number of acid sites were detected [START_REF] Cavani | Hydrotalcite-type anionic clays: preparation, properties and applications, I I ( I99 I[END_REF].

Paracrystallinity

Paracrystallinity is an intermediate state between crystalline and amorphous, which results from the presence of defects that inhibit recrystallization. Such a property was found to be beneficial especially for nickel-based catalysts. The origin of those defects is i.e. introduction of foreign molecules into the lattice. The formation of such recrystallization inhibiting centers depends on the chosen preparation route and the nature of the precursors. A model explaining the effect of it was proposed by Puxley et al., and according to it, the thermal decomposition of hydrotalcites leads to the formation of a metstable phase, containing nickel and aluminum in a closed-pack configuration. After the reduction step, aluminate groups tend to be trapped within the nickel crystallites, creating active centers. It was reported that possible deactivation of such a catalyst with an increase in grain size was assigned more to the gradual disappearance of defects than to nickel migration itself. The degree of interaction between nickel and aluminum oxides is very extensive and intracrystalline if the hydrotalcite was prepared with coprecipitation.

Surface properties

The specific surface area and porosity are one of the most important properties of a catalystthey influence the adsorption capability and, in further perspective, the dispersion of the active phase. The specific surface area is determined with many factors, such as the hydrotalcite synthesis method, the chosen pH of the co-precipitation, the later calcination temperature, etc. The LDHs themselves do not show any significant specific surface; this parameter is difficult to define for fresh hydrotalcites. However, after calcination, the specific surface area increases. Samples calcined at 150 °C typically result in SBET values in the range 20-160 m 2 /g, while those thermally decomposed at 450 °C may show SBET of 80 to 300 m 2 /g. It was also observed that the introduction of polyoxometalate anions as pillars to hydrotalcites exhibits significantly high specific surface area calcination (up to 170 m 2 /g). Mixed oxides derived from the thermal decomposition of hydrotalcites are usually classified as mesoporous material, defined with IV type of isotherm according to IUPAC [START_REF] Cavani | Hydrotalcite-type anionic clays: preparation, properties and applications, I I ( I99 I[END_REF][START_REF] Mališová | Influence of hydrotalcite preparation conditions on its physico-chemical properties[END_REF].

Applications of hydrotalcite materials

The complex structure of hydrotalcites, the possibility of adjustment of the elemental composition, intercalation of them with desired anions, and the use of them as either as an elemental compound or as a thermally decomposed form led to their application in many fields.

Pharmacy

The pharmaceutical industry is using hydrotalcites primarily as an antacid agent to bind free acid to the stomach. Hydrotalcites may be a promising medicine for treating hiatus hernia and peptic ulceration [START_REF] Watters | An evaluation of the bile acid binding and antacid properties of hydrotalcite in hiatus hernia and peptic ulceration[END_REF]. They are also used to produce nanocomposites for drug delivery, improving the absorbance of anti-inflammatory drugs, anticancer agents, antibiotics, and others [START_REF] Bini | Layered Double Hydroxides (LDHs): Versatile and Powerful Hosts for Different Applications[END_REF]. Additionally, hydrotalcites are used as stabilizers in pharmaceutical products [START_REF] Cavani | Hydrotalcite-type anionic clays: preparation, properties and applications, I I ( I99 I[END_REF].

Industry

In the field of industry, hydrotalcites have various applications. They are used as stabilizers in polyvinyl chloride (PVC) synthesis through the capture of the chlorine released during the thermal degradation of PVC, which improves the heat stability.

Hydrotalcites are also applied as synthetic resin stabilizers that facilitate the synthesis of polyolefins, synthetic resins, or rubbers. As a result of the capacity of absorbing infrared radiation, such materials are applied as heat insulators and sometimes as flame retardants.

Properties such as increased specific surface area and basicity make hydrotalcites a suitable material for the removal of residual agents from industrial processes. It is possible to apply them as molecular sieves, ion exchangers, or scavengers of chlorine ions [START_REF] Cavani | Hydrotalcite-type anionic clays: preparation, properties and applications, I I ( I99 I[END_REF]217].

Catalysis

Hydrotalcites have a variety of applications in catalysis. Depending on the chosen chemical composition, the types of the introduced sites, intercalation with additional anions, conditions of calcination, and other factors that are crucial for the synthesis. The obtained hydrotalcite-based catalyst may be utilized as: (i) a redox catalyst, (ii) an acid/base catalyst, and (iii) a catalyst support. As a functional reduction or oxidation catalyst, hydrotalcite requires the introduction of adequate metal to the structure, such as nickel, copper, iron, etc. depending on the nature of the reaction in which it will be utilized later. The tunable structure of hydrotalcite materials, the possibility of the introduction of both basic and acidic sites to the matrix, and the result of this bifunctonality make this kind of material applicable to a variety of organic conversions. Moreover, because of the thermal stability and high specific surface area dominated by mesoporosity, hydrotalcites are efficient as supports.

Detailed utilization of hydrotalcites as a catalyst for CO2 methanation is widely reported in Chapter 4.4.

Other methods for the synthesis of mixed oxides

There are two basic approaches to the synthesis of mixed oxides depending on the nature of the reaction: physical and chemical.

Physical methods

Physical aerosol methods have been reported to be successful methods for the synthesis of nanosized mixed oxides with different oxide structures and tunable compositions, based on the gas condensation technique. Reported methods require the use of high-temperature equipment and precise synthesis conditions.

Vapor condensation method

This method is based on two consecutive steps, the first in which the metallic nanophase powder is condensed at high pressure in the presence of inert convection gas to produce the supersaturated vapor inside the chamber. In the second step, oxygen is allowed into the chamber to oxidize the vapor, at 1000 °C (the reaction is exothermic).

Under such high temperatures, particles agglomerate into large clusters. Nanoparticles are formed when supersaturation is performed above the vapor source. To collect the particles, the surface is cooled with liquid nitrogen [START_REF] Nnebe | Dynamic Atomic Force Microscopy Studies to Characterize Heterogeneous Surfaces[END_REF].

Spray pyrolysis

Flame spray pyrolysis (FSP) is a general name for methods based on a similar principle such as aerosol thermolysis, evaporative decomposition of solutions, plasma vaporization of solutions, flame pyrolysis, aerosol decomposition, etc. The precursors for this method are solutions of the chosen salts. A nebulizer or some other atomization technique is utilized to generate aerosol droplets that then undergo evaporation with solute condensation, followed by drying and thermolysis of precipitate particles at high temperature, to form microporous particles. Such a product is eventually sintered to obtain dense powder. This method allows the synthesis of various types of spinel oxides, orthoferrites, garnets, and composites [START_REF] Nnebe | Dynamic Atomic Force Microscopy Studies to Characterize Heterogeneous Surfaces[END_REF].

Thermochemical/flame decomposition of metal-organic precursors

This method is also known as chemical vapor condensation (CVC). The principle of synthesis is based on the vaporization of precursors that are oxidized afterward under the fuel-oxidant mixture consisting of propane with oxygen or methane with oxygen. The flame temperature in the process varies from 900 to 1700 °C, to allow rapid thermal decomposition of a gas stream enriched in precursors under reduced pressure followed by thermophoretically driven deposition of the condensed particles on a cold substrate.

This method allows the synthesis of ultrafine metal oxides and nanocrystalline powders with a grain size below 10-12 nm [START_REF] Nnebe | Dynamic Atomic Force Microscopy Studies to Characterize Heterogeneous Surfaces[END_REF].

Chemical methods

Chemical methods seem to be more readily available and more potent for preparing homogeneous materials from the liquid phase.

Coprecipitation

Coprecipitation is one of the oldest and most simple methods for the synthesis of mixed-oxides. It is based on the preparation of an aqueous solution with desired cations and mixing it with the precipitating agent. The suspension obtained was separated by filtration and later dried and calcined to the desired mixed oxides. The properties of the synthesized product vary depending on the pH, temperature, concentration of the precursors, and mixing rate during the coprecipitation process. When the compounds chosen have high precipitation rates, the final product can be characterized by microscopic inhomogeneity; however, in general, the formed agglomerates are similar to the products of other solution techniques [START_REF] Cousin | Preparation of mixed oxides: a review[END_REF].

Magnesium-aluminum coprecipitates are prepared with chemical precipitation from hydroxides dissolved in aqueous solutions of acids, nitrates, chlorates, or oxalates.

Products of calcination at relatively low temperature (≥ 600 °C) are high purity spineltype powders, with fine particle size. To form such spinel-type oxides with solid state reactions, the required temperature is above 1000 °C. The application of different precursors for coprecipitation allows for the synthesis of a spinel-type product at significantly lower temperatures. Additionally, compositional homogeneity and flexibility can be obtained, for example, with the use of doping agents [START_REF] Cousin | Preparation of mixed oxides: a review[END_REF].

Sol-gel synthesis

Sol-gel synthesis is probably the most widely used and most reliable of the available chemical methods for the synthesis of mixed-oxides. Synthesis is based on the formation of an amorphous gel from the solution, which is later dehydrated at a relatively low temperature. The advantages of this method include high purity, good dispersion, and a well-controlled composition of the synthesized mixed-oxides. The best precursors for this kind of synthesis are metal alkoxides, which are readily hydrolyzed and condensed to the corresponding oxide or hydroxide. The reaction occurs in two steps, first hydrolysis (Eq. 5.4), and second condensation (Eq. 5.5).

M(OR)x+xH2O → M(OH)x + xROH [5. 4] 2 M(OH)x → M2Ox + xH2O [5. 5]
The byproduct of reaction 5.4 is aliphatic alcohol, easily removed by volatilization.

Two compounds difficult to hydrolyze are silicon and phosphorus alkoxides [START_REF] Nnebe | Dynamic Atomic Force Microscopy Studies to Characterize Heterogeneous Surfaces[END_REF][START_REF] Cousin | Preparation of mixed oxides: a review[END_REF].

Hydrothermal synthesis

The hydrothermal method is used for the synthesis of advanced mixed oxides with nanometer-size particles. It is considered to be a low-cost route to directly produce complex oxide powders. The conditions of the process require an increase in pressure ( 15MPa) and temperature between the boiling of the water and the critical point.

Additionally, the hydrothermal method allows for eliminating the calcination step and can be assisted by other wet methods, such as sol-gel. Substrates for synthesis are oxides, hydroxides, chlorides, or nitrates [START_REF] Cousin | Preparation of mixed oxides: a review[END_REF].

Solution combustion synthesis

Solution combustion synthesis (SCS) is a popular method based on the redox reaction between the metal precursors and a fuel (oxidizer). Precursors, usually in the form of highly reactive nitrates, are mixed with combustible substances such as urea, glycine, saccharose, citric acid, sucrose, hydrazine-based fuels, acetylacetone, etc., forming an initial solution, which is later preheated, to the moment of self-ignition. The products of reaction are nanooxides containing a metallic cation present in the initial mixture and high amounts of gases, such as carbon dioxide, nitrogen, and water from the combusting compound. Depending on the fuel content, oxygen can be a product (lean mixture, <100%

of the stoichiometric amount of fuel) or a substrate of the reaction (rich mixture, >100%

of the stoichiometric amount of fuel). Products of the reaction are polycrystalline, sometimes multiphase nanoscale materials, always characterized with grain and interphase boundaries.

In Fig. 5.3 several approaches regarding the solution combustion synthesis are presented. 

. Different approaches for solution combustion synthesis

There are two possible ways to initiate the combustion of precursors. Volume combustion, called thermal explosion, requires heating of the entire volume of the reactants. Heating may have its source from the hot plate, preheater laboratory furnace (usually chosen temperature ca. 300-500 °C) or microwave reactor. Self-propagating combustion is based on heating of the small volume (ca. 1 mm 3 ) within the initial solution or gel to initiate a self-propagating reaction that forms a combustion wave [START_REF] Varma | Solution Combustion Synthesis of Nanoscale Materials[END_REF].

Eq. 5.6 presents the general chemical formula for the solution combustion synthesis reaction, with metal nitrate as the precursor and urea as the fuel.

𝑀𝑒 𝑣 (𝑁𝑂 3 ) 𝑣 • 𝑚𝐻 2 𝑂 + where v is the valence of the metal, φ the fuel content [START_REF] Varma | Solution Combustion Synthesis of Nanoscale Materials[END_REF].

The nature of the main combustion reaction is highly exothermic. Thermodynamic calculations are carried out to understand the equilibrium products and the adiabatic

Solution combustion synthesis

Volume combustion Microwave Hot plate Furnace Selfpropagating combustion temperature. The amount of heat released during the reaction, called the heat of the reaction (Q), is determined by calculating the difference between the formation enthalpies (ΔHf 0 ) of products (j) and substrates (i), as shown in Eq. 5.7. Under adiabatic conditions, all of the formed energy should be used to heat the product to a certain temperature, defined as the adiabatic combustion temperature, which can be calculated in a simplified form (Eq. 5.8).

Q = ΔH 𝑟 0 = ∑ 𝑛 𝑗 Δ 𝑓 𝐻 𝑗 0 -∑ 𝑛 𝑖 Δ 𝑓 𝐻 𝑖 0 𝑖 𝑗
Eq. 5.7

𝑇 𝑎𝑑 = 𝑇 0 + Δ𝐻 𝑟 0 𝐶 𝑝 Eq. 5.8
where T0 is 25 °C, ΔH 0 s, and ΔH 0 p are the formation enthalpies of the substrates and products, respectively, and Cp is the heat capacity of the products at constant pressure, Q is the heat of the reaction, ΔH 0 r is the enthalpy of the reaction, Cp,j(T) is the specific heat of the j product as a function of temperature and nj are the amounts of each compound.

In the synthesis conditions, the measured temperature is always lower than the calculated adiabatic flame temperature because of several reasons, among which the most important are: measurement of the temperature in the condensed phase instead of the gas phase, assumed equilibrium products are different from the actual ones, and the synthesis conditions are not purely adiabatic.

Furthermore, solution combustion synthesis has several advantages: precursors and oxidizers suitable for the reaction are easily available, synthesis itself is very fast, product does not require calcination, it is possible to synthesize a complex, mixed oxide product with optimized parameters.

Reverse microemulsion/micelle method

Reverse microemulsion is a promising method for synthesis of mixed oxides, taking its name from the spheroidal aggregates called reverse micelles, which are formed during surfactant dissolution in organic solvents. The aqueous phase is dispersed in the continuous oil phase in which reverse micelles are used as water solutions of the precursors to produce insoluble nanoparticles. The final product is obtained after the removal of the solvent and further calcination [START_REF] Nnebe | Dynamic Atomic Force Microscopy Studies to Characterize Heterogeneous Surfaces[END_REF].

Cenospheres

The name "Cenospheres" has its origin in Greek language, where kenos means hollow and sphaira is a sphere. This name in this case signifies the most important properties of the materials, its shell-like spherical nature. The cenospheres are a waste material from coal combustion, a fraction of fly ash. Since these materials are characterized by high temperature resistance and chemical stability, it could be considered using them as a carrier material for CO2 methanation catalyst.

Physicochemical properties of cenospheres

The cenospheres are formed from the highly dispersed, molten mineral matter of coal, during the combustion at high temperature. At 1200 °C, mineral particles consisting of SiO2 and aluminosilicates, under high surface tension forces, form spheres which are later stabilized during cooling. Inside the glass-like sphere are trapped gases from coal combustion, such as CO2, N2, and in smaller amounts CO, O2, and H2O [START_REF] Wajda | Microspheresacquisition, properties, applications[END_REF]. According to the literature, cenospheres are mainly composed of SiO2 (50-65%), Al2O3 (19-42%), Fe2O3 (0.7-6.5%). Other trace compounds are K2O, Na2O, CaO, MgO, TiO2, SO3, and P2O5. It is possible to distinguish two basic types of cenospheres: white and gray, which vary in chemical composition (Table 5.1) and color [START_REF] Gmbh | TYMO MINERALIEN GMBH White Cenospheres[END_REF][START_REF] Gmbh | TYMO MINERALIEN GMBH Grey Cenospheres[END_REF]. The difference is mainly related to the content of alumina (higher for white cenospheres), iron, and potassium oxide, which may be found in higher concentration in gray cenospheres [START_REF] Wajda | Microspheresacquisition, properties, applications[END_REF]. The average diameter of cenospheres is reported to be in the range of 5 to 500 microns; however, the most common size is in the range of 20-250 μm. The wall thickness is consists of 5-10% of their diameter and varies from 2 to 30 μm. The density of cenospheres is low, ranging from 0.2 g/cm 3 to 0.5g/cm 3 [START_REF] Acar | Recovery potentials of cenospheres from bituminous coal fly ashes[END_REF] Recovery potentials of cenospheres from bituminous coal fly ashes. According to the literature, the walls of cenospheres are mainly amorphous with small crystalline inclusions [START_REF] Wajda | Microspheresacquisition, properties, applications[END_REF]. Amorphous glass is composed of silicone and aluminium oxides, sometimes enriched in calcium or iron oxides. The crystallic phase consists of quartz and mullite.

Applications of cenospheres

Several physical properties make cenospheres applicable material for many industrial purposes. Those properties are: low weight, spherical shape, thermal insulation, fire and frost resistance, high compressive strength and chemical resistance, very low conductivity, low water absorption, ability to damp vibrations [START_REF] Bradło | Uszlachetnione mikrosfery glinokrzemianowe jako napełniacz kompozytów polimerowych[END_REF][START_REF] Żyrkowski | Characterization of fly-ash cenospheres from coal-fired power plant unit[END_REF][START_REF] Sokol | Hollow silicate microspheres from fly ashes of the Chelyabinsk brown coals (South Urals, Russia)[END_REF].

Cenospheres due to their properties find applications in many fields (industry, automotive, composites, construction, ceramics, energy, mining). Cenospheres are used mainly for [START_REF] Bradło | Uszlachetnione mikrosfery glinokrzemianowe jako napełniacz kompozytów polimerowych[END_REF][START_REF] Żyrkowski | Characterization of fly-ash cenospheres from coal-fired power plant unit[END_REF][START_REF] Sokol | Hollow silicate microspheres from fly ashes of the Chelyabinsk brown coals (South Urals, Russia)[END_REF]:

-aggregates in concrete, components of mortars or sprayed concretes in the building materials industry; -catalysts, sorbents;

-components of lightweight refractory, insulation and soundproofing products;

-fillers for paints, plastics, varnishes, oil paints;

-for tires, boats, canoes;

-mineral fillers.

Catalytic applications

Cenospheres are an interesting solution for catalytic applications, both due to their physical and chemical properties, as well as a possible route to apply them as a waste product from coal combustion. Cenospheres were studied in catalytic processes such as esterification of n-octanol with acetic acid [START_REF] Chandane | Efficient cenosphere supported catalyst for the esterification of n-octanol with acetic acid[END_REF], DeNOx [START_REF] Samojeden | Use of iron and copper-promoted cenospheres as catalysts in the selective catalytic reduction of nitrogen(II) oxide with ammonia[END_REF][START_REF] Samojeden | The application of modified cenospheres in DeNOx process[END_REF] as well as in the degradation of pollutants or for water cleanup [START_REF] Zhang | Synthesis of CeO2/fly ash cenospheres composites as novel photocatalysts by modified pyrolysis process[END_REF]. They can also show high conversion and selectivity for some important organic reactions under solvent-free conditions [START_REF] Hosseini Asl | Porous catalysts fabricated from coal fly ash as costeffective alternatives for industrial applications: A review[END_REF].

Cenospheres have been used in carbon dioxide management processes such as dry reforming of methane and CO2 capture [START_REF] Mankar | High performance CO2 capture at elevated temperatures by using cenospheres prepared from solid waste, fly ash[END_REF][START_REF] Samojeden | Da Costa, Novel Nickel-and Magnesium-Modified Cenospheres as Catalysts for Dry Reforming of Methane at Moderate Temperatures[END_REF].

As support, cenospheres are characterized with a remarkably high thermal stability. From the perspective of the present thesis this property is important, considering the exothermic nature of CO2 methanation reaction, where hot spots tend to form locally in the catalytic bed which may lead to the partial deactivation of the catalyst. Additionally, the shape of the cenospheres is beneficial. Such catalytic bed is characterized with lower density, which allows for improved mass and heat transfer though the bed, accompanied by lower pressure drop [235]. Additionally, the reductionof the mass of the bed, and overall mass of the used active phase is lower, in comparison to the traditional bulk catalyst, which allows for the reduction of material costs.

Experimental

Thermodynamic analysis of the CO2 methanation reaction

Thermodynamic analysis of the CO2 methanation reaction was carried out using HSC Chemistry 5.0 software, based on minimization of the Gibbs free energy method.

The effect of temperature was considered for calculations, with H2/CO2 ratio of 4, and atmospheric pressure. The main possible reactants considered in the simulation were:

Ar(g), CO2(g), H2(g), CH4(g), C2H2(g), C2H4(g), C2H6(g), H2O(g), CH3OH(g), HCOOH(g), C(s).

The substrates of the reaction introduced to the system were CO2(g) and H2(g), while Ar(g) was considered a diluting agent. The other compounds listed are considered to be possible products of the hydrogenation of CO2 to methane and its side reactions. The equilibrium CO2 conversion and CH4 selectivity are listed in Table 6.1.

It is necessary to underline that the results presented were obtained assuming a closed system. Factors not considered in this study were the type of catalyst, the kinetics of the reaction, and factors related to the transport process. Obtained results were later utilized as a benchmark to compare with the experimental data. A further explanation of the thermodynamics of the CO2 methanation reaction is presented in Chapter 4.2 of the presented thesis. 

Catalysts preparation

The catalysts developed in the present thesis are based on Ni-Mg-Al mixed oxides (Table 6.2, below). The solid solution of mixed oxides was obtained on the basis of two main approaches: thermal decomposition of hydrotalcites and solution combustion synthesis.

For hydrotalcite-derived catalysts, the effect of copper (Chapter 7.1) and cobalt (Chapter 

Co-precipitation of hydrotalcites

Hydrotalcite-like materials were synthesized by co-precipitation at constant pH (9.5-10). To the solution containing 0.05M Na2CO3 preheated on the hot plate to 65 °C, two other solutions were added dropwise: 2M aqueous solution of the the desired nitrates

(Mg(NO3)2•6H2O, Ni(NO3)2•6H2O, Al(NO3)3•9H2O, Co(NO3)2•6H2O, Cu(NO3)2•3H2O
(Sigma Aldrich, purity >99%) and 1M aqueous solution of NaOH to balance the pH.

When the entire volume of nitrate solution was added, the precipitate was aged for 1 h at 65 °C at a pH in the range of 9.5-10. Subsequently, it was filtered, washed with excess of distilled water to remove the nitrate anions, and dried overnight at 80 °C. The dry sample was milled to obtain homogeneous powder. The product obtained was later calcined for 5 h at 500 °C in a laboratory furnace, in static air.

Thermal solution combustion synthesis

Solution combustion synthesisderived samples were prepared with a volume combustion approach. 2M solution of the desired nitrates (Mg(NO3)2•6H2O,

Ni(NO3)2•6H2O, Al(NO3)3•9H2O, Co(NO3)2•6H2O) (Sigma Aldrich, purity >99%) with
urea was prepared in a beaker, and placed on a hot plate for 1h at 50 °C to complex the precursors. Subsequently, the solution was transferred to the ceramic evaporator and placed in the preheated laboratory furnace for 40 minutes at 300 °C, or 20 minutes at 500 °C, depending on the chosen combustion conditions. The samples were never calcined afterwards.

Modification of cenospheres

Commercial cenospheres (Cenospheres Trade & Engenering, Poland) (denoted CS) were used in the present study, both in a non-modified and modified form. The modification of the cenospheres was based on their perforation. 12g of cenospheres were placed in 250 cm 3 aqueous solution containing 0.25M NH4F and 0.3M HCl and left for 12 hours. Subsequently, the cenopheres were filtered, washed with an excess of distilled water and dried at 80 °C for 4 hours.

Desposition of active phase on cenospheres

All the cenosphere-based samples were prepared with solution combustion synthesis. For samples labeled as CS(P)_Ni20 and CS(P)_SCSNi20, the synthesis required one combustion step, in which the cenospheres placed in the ceramic evaporator were covered with a complexed solution including nitrate precursors and urea. The vessel was placed in the preheated furnace for 20 minutes at 300 °C. An above-stoichiometric amount of urea (175%) was used for the synthesis.

Samples labeled as CS(P)_MgAl_Ni20 were synthesized in two consecutive steps of combustion. The first was carried out according to the procedure mentioned above; however, the nitrate solution included only the the Mg and Al precursors. In the second step, the cooled product of the first combustion was covered with a complex solution of Ni(NO3)2•6H2O and urea and placed inside the furnace preheated to 300 °C for another 20 minutes. Above-stoichiometric amount of urea (175%) was used for the synthesis.

Open-cell foams

Commercial ZrO2 open-cell foams with porosity of 30 and 45 ppi were provided by Lanik s.r.o. (Czech Republic).

Prior to the desposition of washcoat, open-cell foams were purified in the sonic bath. The foams were placed in the solution of acetone in water (50% vol. /50% vol.) for 1 hour, and then dried at 80 °C for 6 hours in static air.

The washcoat was deposited via solution combustion synthesis in two major steps. The first was the deposition of a uniform layer of Mg-Al mixed oxides, followed by calcination for 5 hours at 500 °C in static air, and the second step was when a uniform layer of nickel oxide was deposited, also with solution combustion synthesis.

For that purpose, 20 cm 3 of 2M solution containing Mg(NO3)2•6H2O, Al(NO3)3•9H2O and urea was prepared and complexed, as previously described in Subchapter 6.2.2. The purified foam was placed in the above-mentioned solution and soaked for 1-2 minutes, constantly rotated or gently moved, to allow penetration of the internal pores with the solution.

Subsequently, the foam was placed in the ceramic boat and kept in the preheated furnace to 500 °C furnace for 10 minutes. The studied foam was cooled down. An increase in its mass was recorded with the laboratory balance. The soaking and heating cycle in the furnace was repeated several times until the desired amount of Mg-Al washcoat was deposited. Nickel oxide was deposited using the same approach on the calcined foams covered with Mg-Al mixed oxides.

Activation of the catalysts

All samples, except those based on open cell foams, were reduced in the quartz fixed-bed reactor at 900 °C for 1 h with a gas flow of 100 ml/min. The heating rate for the reduction step was 10 °C/min. The gas stream was composed of 5%H2 in Ar. Opencell foams-based samples were reduced at 500 °C for 1 h under the same gas flow conditions.

Characterization of the catalysts X-ray diffraction (XRD)

X-ray diffraction in a method utilized to determine the crystallographic structure of materials. The measurement is based on the irradiation of the sample with incident Xrays, which outcome is in the intensities and scattering angles of the beam that leave the studied material later characterized based on the obtained diffraction pattern. Regular scatters result in an array of spherical waves. The main foundation of the method is Bragg's law present in the Eq. 6.1.

𝑛 • 𝜆 = 2 • 𝑑 • 𝑠𝑖𝑛𝜃 Eq. 6.1
Where d is the spacing between the planes, θ is the incident angle, n is an integer, and λ is the wavelength of the beam.

These specific directions appear as spots on the diffraction pattern called reflections.

Thus, X-ray diffraction results from an electromagnetic wave (X-ray) impinging on a regular array of scatterers (the repeating arrangement of atoms within the crystal).

The method is useful to distinguish the crystalline phases present in the studied catalysts, to obtain information on the level of crystallinity, the size of the crystallites, the contribution of each phase (through Reitveld refinement), and the structure stresses or deviations [START_REF] Jove | Cambridge[END_REF].

The X-ray diffraction (XRD) measurements in the present thesis were carried out with a Panalytical Empyrean diffractometer, working in Bragg-Brentano θ-θ geometry.

The apparatus was equipped with Cu Kα (λ = 1.5406 Å) radiation. Usually, the collected data were within a 2θ range of 10-90 deg.

The Scherrer equation (Eq. 6.2) was used to calculate the average Ni 0 crystallite size, with a shape factor of 0.89, and considered correction related to the instrument broadening.

𝐷 ℎ𝑘𝑙 = 𝐾λ 𝛽 ℎ𝑘𝑙 𝑐𝑜𝑠θ
Eq. 6.2

Where: λthe radiation wavelength, βhkl -the half-width of the reflection, Kthe shape factor; θ -the Bragg diffraction angle.

XRD measurement was performed for the samples after each synthesis step (for hydrotalcites after co-precipitation and after calcination; for SCS samples after combustion), reduction, and catalytic tests. 

Fourier-transform infrared spectroscopy (FTIR)

Fourier-transform infrared spectroscopy is a common method to record the infrared spectra of emission and adsorption of samples. The interferogram is later converted via Fourier transformation to produce a spectrum at a series of discrete wavelengths. During exposure to infrared radiation, the molecules present in the sample selectively adsorb the delivered radiation, causing the change in the dipole moment of the species. The infrared spectrum represents the molecular vibration spectrum. The vibrational energy gap does influence the frequency of the absorption peak; and the number of absorption peaks is correlated to the number vibrational freedom of molecule [START_REF] Perkins | Fourier Transform-Infrared Spectroscopy[END_REF].

Measurements were carried out on fresh hydrotalcite-like samples to first study the composition of the interlayer region. Spectra were collected with a Frontier Optica spectrometer (Perkin Elmer). The material was diluted with KBr in a ratio of 1:200 (1 mg of sample to 200 mg of KBr), homogenized in agate mortar, and later pressed to form a tablet to carry out transmission measurement. Spectra were recorded in the wavelength range from 4000 cm -1 to 400 cm -1 .

Low-temperature N2 sorption

In order to study the textural properties, such as the total pore volume and the specific surface area of the mixed oxides obtained, low-temperature N2 sorption was provided. This method allows for the subsequent acquisition and analysis of adsorption- The Brunauer-Emmett-Teller (BET) method is the most recognized procedure for calculating the textural parameters, especially the specific surface area. Monolayer capacity is calculated according to the Eq. 6.3, which is presented in linear form.

desorption
𝑝 𝑛 𝑎 •(𝑝 0 -𝑝) = 1 𝑛 𝑚 𝑎 •𝐶 + (𝐶-1)•𝑝 𝑛 𝑚 𝑎 •𝐶•𝑝 0
Eq. 6.3

where: p is the partial pressure of N2, p 0 is the saturation pressure at a given temperature, na is the amount of adsorbed at the relative pressure p/p0, n a m is the the monolayer capacity, and C is the constant.

The specific surface area SBET is calculated via the monolayer, as in the Eq. 6.4.

𝑆 𝐵𝐸𝑇 = 𝑁•𝑎•𝑛 𝑚 𝑎 𝑚•22400
Eq. 6.4

Where: N is the Avogadro constant (6.023•10 23 mol -1 ), a is the effective cross-sectional area of one molecule of adsorbate (0.162 nm 2 for nitrogen), m is the mass of the investigated sample, 22400volume occupied by one mole of the adsorbate gas under standard conditions of temperature and pressure.

The mesopores distribution of the experimental isotherms was calculated according to the Barrett-Joyner-Halenda (BJH) method. The method is based on the Kelvin model of pore filling [START_REF] Liu | Methane conversion to syngas over Ni/Y2O3 catalysts -Effects of calcination temperatures of Y2O3 on physicochemical properties and catalytic performance[END_REF].

Low-temperature N2 sorption was performed for all samples in oxide form and some postrun catalysts. The measurements were carried out on a Belsorp Mini II apparatus (BEL Japan). The samples were then outgassed under vacuum for 2 hours at 300 ° C.

To calculate the specific surface area, the Brunauer-Emmet-Teller (BET) method was used. Barrett-Joyner-Halenda (BJH) analysis was applied to obtain the pore size distribution, the volume of pores, and the mean pore diameter.

Temperature Programmed Reduction (H2-TPR)

H2-TPR is a popular method utilized to study the reduction behavior of bulk samples, optimize the reduction conditions of solid solutions, supported species, promoted or bimetallic metal catalysts, metals in zeolites, etc. [START_REF] Deutschmann | Heterogeneous Catalysis and Solid Catalysts[END_REF] H2 -TPR measurements were performed to investigate the reducibility of the studied mixed-oxides. Profiles were recorded using a BELCAT-M instrument equipped with a TCD detector. Before measurement, the sample was outgassed for 2 hours at 100°C and then reduced in the temperature range from 100 to 950°C with the heating ramp of 10°C/min, in a gas mixture containing 5% H2 in Ar.

H2-chemisorption

H2chemisorption is a method that involves the chemical reaction between the surface of the studied material and the adsorbate. Analysis requires treating the surface of catalysts with a reduction agent (hydrogen) and a simultaneous detection of the hydrogen consumption. The measurement gives an information on the dispersion of the metallic phase and allows the calculations of its crystallite size. Hydrogen reacts only with the metallic particles available on the surface.

Hydrogen chemisorption was performed on cobalt-promoted hydrotalcite to study the dispersion and hydrogen uptake of those catalysts. Analysis was performed with the Eq. 6.5

For a mixture of Ni and Co, the particle size is averaged by [START_REF] He | Co-Ni catalysts derived from hydrotalcite-like materials for hydrogen production by ethanol steam reforming[END_REF]: Eq. 6.6

d Co-Ni [nm] =

Temperature-Programmed Desorption of CO2 (CO2-TPD)

Temperature-programmed desorption methods are utilized to gain information mainly on the acidic/basic properties of the studied materials. The main factor that gives information on the nature of the sites is the applied adsorbate (NH3, CO, CO2) and the temperature at which desorption occurs, signifying the strength of the acidic/basic centers studied. Moreover, this method allows the information to be obtained on the concentration of the recognized sites through simultaneous analysis of the amount of gas consumed in the uptake or desorbed upon heating.

To analyze the surface basicity of the reduced samples, CO2-TPD was performed.

Measurement was carried out on the same apparatus as H2-TPR (Subchapter 6.3.4), directly after the temperature programmed reduction, when the reactor was cooled to 80 °C. A gas mixture of 10%CO2/He was fed for 1 h to ensure adsorption of CO2 on the sample. Subsequently, a stream of pure He (50 ml/min) was fed for 15 minutes to remove weakly adsorbed molecules of carbon dioxide. The temperature range of the measurements was from 100 to 800°C with a heating ramp of 10 °C/min. The CO2 uptake was later calculated from the area under the TPD curve, which corresponded to the amount of desorbed volumes of the gas -the setup was calibrated beforehand, with known amounts of CO2, to obtain the precise area of a single pulse, registered with the TCD detector.

The number of basic sites was calculated based on the calibration of the setup and the area underneath the Gaussian curves corresponding to each type of sites, obtained after deconvolution of the desorption curve.

Elemental analysis

Elemental analysis was performed with inductively coupled plasmamass spectrometry (ICP-MS) to study the elemental composition of the synthesized samples.

In this type of mass spectroscopy measurement, inductively coupled plasma is used to ionize the sample. Atomized samples were analyzed with a mass spectrometer. The method allows for a precise analysis of metals and some non-metallic elements, even at very low concentrations [START_REF] Jenner | ICP-MS -A powerful tool for high-precision trace-element analysis in Earth sciences: Evidence from analysis of selected U.S.G.S. reference samples[END_REF].

Measurements were carried out with a Thermofisher Scientific iCAP TQ ICP-MS equipment. Prior to the analysis, samples were mineralized in concentrated nitric acid with addition of hydrogen peroxide in the closed system, with microwave assisted mineralization.

Scanning Electron Microscopy (SEM)

Scanning electron microscopy is one of the electron microscopy techniques in which image of the studied material is obtained throughout scanning the surface of the sample with a focused beam of electrons. The interaction between the electrons and the surface results in a signal that contains information about the surface topography and its composition.

SEM and EDS Field-emission scanning electron microscopy were used.

Measurements were carried out with a Hitachi SU-70 high-resolution field emission scanning electron microscope combined with an EDS (Energy-dispersive X-ray spectroscopy) detector. The study was carried out with beam energy in the range of 1 -5 kV.

Transmission Electron Microscopy (TEM)

Transmission electron microscopy is a technique in which a beam of electrons is transmitted through a sample to form an image. An image results from the interaction of the electrons with the studied material as the beam was transmitted through the sample.

TEM measurements were obtained for the reduced and spent catalysts with Tecnai TF 20 X-TWIN transmission electron microscopes operating at 200 kV. The catalysts were dispersed in ethanol and then transferred onto carbon-film-coated TEM copper grids via the drop casting method prior to the measurement. The images obtained were analyzed with ImageJ software. The bin width of the histograms was calculated with Rice estimator (Eq. 6.7 and 6.8).

𝑛 𝑤 = 2𝑛 1/3 Eq. 6.7

𝑤 = 𝑠 𝑛 𝑤 Eq. 6.8
Where nw is a number of bins, n is a number of data points, s is span, and w is the width of bin [START_REF] Alxneit | Particle Size Distributions from Electron Microscopy Images: Avoiding Pitfalls[END_REF].

X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is an analytical method that allows the study of a chemical state, the overall electronic structure, and the density of the electronic states of the elements present on the surface of the sample. It is a quantitative spectroscopic technique in which the identification of the specimens occurs because of the photoelectric effect. XPS spectra also give information on the interaction between the studied elements.

The electron binding energy of each of the emitted electrons is determined by the photoelectric effect equation (Eq. 6.9).

𝐸 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸 𝑝ℎ𝑜𝑡𝑜𝑛 -(𝐸 𝑘𝑖𝑛𝑒𝑡𝑖𝑐 + 𝜙) Eq. 6.9

Where Ebinding is the binding energy of the electron measured relative to the chemical potential, Ephoton is the energy of the used X-ray photons, Ekinetic is the measured kinetic energy of the electron, ϕ is a work function-like term for the specific surface of the material including a correction by the instrument's work function due to the contact potential [START_REF] Hüfner | Photoelectron Spectroscopy: Principles and Applications[END_REF].

X-ray photoelectron spectroscopy (XPS) measurements were obtained with an AXIS Ultra DLD (Kratos Analytical) spectrometer equipped with a magnetic immersion lens and a charge neutralization system with a spherical mirror and concentric hemispherical analyzers with a monochromatic Al anode. The reference for the collected data was the C1s peak at 284.6 eV. Quantitative analysis of the surface composition was performed using the peak areas and the element-specific Scofield factors.

Methanation of carbon dioxide -catalytic tests

Catalytic tests toward CO2 hydrogenation to CH4 were carried out in a set-up illustrated in Fig. 6.1. The catalyst was placed inside a fixed-bed quartz U-type reactor.

The inlet ratio of CO2/H2/Ar was equal to 1.5/6/2.5 with a total flow of the inlet gases of 100 cm 3 /min, regulated by 3 mass flow controllers (BROOKS). The volume of the catalytic bed was chosen equal to 0.5 cm 3 to ensure a constant gas hourly space velocity (GHSV) of 12000 h -1 (Fig. 6.2.a). The temperature of the catalytic bed was controlled with a K-type thermocouple placed outside the reactor and a temperature programmer. The outlet gases were passed firstly through a water trap to remove water. The gaseous products of the reaction were analyzed with a microgas chromatograph (CPi 490 Varian) equipped with a COX column and a TCD detector. The conversion of CO2 and selectivity to CH4 were calculated according to Eq. 6.10 and 6.11 correspondingly.

CO 2 conversion χ CO 2 = F CO 2 inlet -F CO 2 outlet F CO 2 inlet
Eq. 6.10

CH 4 selectivity χ CH 4 = F CH 4 outlet F COoutlet +F CH 4 outlet
Eq. 6.11

The catalytic test procedure toward CO2 methanation is shown in Fig. 6.3. First, the catalysts were reduced in-situ in a flow of 5%H2/Ar (100 ml/min). Second, the Ar was flowed through the catalytic bed while cooling to 250ºC. Later, the feed gas mixture was introduced to the reactor. Catalytic tests were carried out in the temperature range from 250 ºC to 450 ºC, every 50 ºC. The samples were kept at each temperature for 30 minutes to reach steady state. Turnover frequency (TOF) was calculated according to the Eq. 6.12.
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TOF = r CO2 •M Ni f Ni •D [s -1 ] Eq. 6.12
Where MNi is the molecular weight of nickel [g/mol], fNi is the metal Ni weight fraction, D is nickel dispersion (from HRTEM), and rCO2 is the average reaction rate of CO2 [START_REF] Świrk | Understanding of trireforming of methane over Ni/Mg/Al hydrotalcite-derived catalyst for CO2utilization from flue gases from natural gas-fired power plants[END_REF].

rCO2 was calculated from Eq. 5. 

r CO2 = XCO 2 •F•(CO 2 ) w•22.4•10
[mol•s -1 •gcat -1 ]
Eq. 6.13

Where F is total used flow rate [ml/min], (CO2) is the volumetric concentration of carbon dioxide, w is the mass of catalyst [g] [START_REF] Świrk | Understanding of trireforming of methane over Ni/Mg/Al hydrotalcite-derived catalyst for CO2utilization from flue gases from natural gas-fired power plants[END_REF].

The dispersion was calculated based on the equation 6.14.

D = 6( v m a m
)/d va Eq. 6.14

Where Vm is the volume occupied by an atom in bulk metal (10.95 Å 3 for Ni), am is the area occupied by a surface atom (6.51 Å 2 for Ni), and dva is mean diameter or metal particle from HRTEM [START_REF] Ertl | Handbook of Heterogeneous Catalysis[END_REF].

RESULTS AND DISCUSSION

On the influence of promoters on catalytic performance of Ni-hydrotalcites for methanation reaction

In the present chapter, based on the literature, the concentration of nickel in the fresh hydrotalcite was set at 15 wt%, which resulted in ca. 20 wt% in the calcined samples [START_REF] Wierzbicki | The influence of nickel content on the performance of hydrotalcite-derived catalysts in CO2 methanation reaction[END_REF]. Furthermore, the ratio of M(II)/M(III) was 3/1. To author's knowledge, no published literaturedealt with the influence of copper and cobalt promotion on the Ni-Mg-Al hydrotalcite-derived CO2 methanation catalyst. The materials were characterized by XRD (fresh, calcined, reduced and spent), FTIR (fresh), low temperature nitrogen sorption (calcined) H2-TPR (calcined), and CO2-TPD (reduced). A series of selected samples was additionally characterized by TEM (reduced) and TGA (spent). The values of the parameter of the unit cell c' are calculated according to Eq. 7.3 are dependent on the distance between the brucite-like layers and the type of anion present in this space. Based on the calculated values, inside the interlayer region there are mainly CO3 2-anions, which can be accompanied by the NO3 -(ca. 8.79 Å) or OH -(ca. 7.55 Å ).

On the influence of

𝑐 ′ = 𝑐 3 [Å] Eq. 7.3
The average cation-to-cation distance in the brucite-like sheets is characterized by the parameter a, calculated from the position of the double peak ca. 2θ of 60 deg. All the samples resulted in the same value of a parameter, of 3.06 Å. The lack of changes in a unit cell parameter with an increase in copper content excludes significant structural disturbance.

FTIR spectroscopy tests were performed for as-synthesized materials. Fresh hydrotalcite samples show the type of curve typical for such compounds, which is confirmed in the literature [START_REF] Crutzen | System Science in the Anthropocene[END_REF]. The band at 3600-3500 cm -1 is related to the stretching vibrations of the -OH group, present inside the brucite-like structure. The shoulder around 3000 cm -1 is attributed to the presence of interlayer H2O species [START_REF] Loutre | Future climatic changes: Are we entering an exceptionally long interglacial?[END_REF]. Bending vibration at 1600 cm -1 is also related to water vibrations. The presence of carbonate anion is confirmed with bands at 1350-1380 cm -1 and 670-690 cm -1 . Bands at wavelength 400-800 cm -1 are usually attributed to octahedral lattice vibrations, especially translational motions of the oxygen in the layers [START_REF] News | It rained for the first time at the summit of Greenland's ice sheet[END_REF]. However, the most important information obtained from FTIR is the nature of the interlayer anionbased on the presented spectra, NO3 -can be excluded, since none of the samples showed bands characteristic for this kind of species (1300, 1420, 1760, 2330, 2475 cm -1 , etc.) [START_REF] Breternitz | Ni(Nh3)2(no3)2-a 3-d network through bridging nitrate units isolated from the thermal decomposition of nickel hexammine dinitrate[END_REF]. The presence of CO3 2-is clearly confirmed by bands located at 1370 cm -1 and 680 cm -1 [START_REF] Cavani | Hydrotalcite-type anionic clays: preparation, properties and applications, I I ( I99 I[END_REF][START_REF] Tanaka | Determination of carbonate ion contents in layered double hydroxides by FTIR spectrometry[END_REF]. wt%, and of Cu from 0.5 to 4 wt%. After calcination, the content of both nickel and copper increased, to 17.9-18.6 and 0.6-4.5 wt% correspondingly, due to the loss of carbonate groups and interlayer water. The calcined samples additionally contained ca. 9 wt% of Al and from 15.1 to 17 wt% of Mg (Table 7.2). [START_REF] Gmbh | TYMO MINERALIEN GMBH White Cenospheres[END_REF]. No scattering characteristic for amorphous phase was registered and no additional reflections characteristic was registered for oxides such as CuO or Al2O3. This suggests either a lack of such phases or their presence in small, or highly dispersed, nanocrystalline form. °C. The latter can be assigned to the reduction of Cu 2+ to Cu 0 . In the case of the HTNiCu0.5 and HTNiCu1 samples, the peak at 320-360°C may be attributed to the reduction of stable Cu 2+ species, characterized by small and very well dispersed crystallites [START_REF] Wang | Layered double hydroxide and related catalysts for hydrogen production and a biorefinery[END_REF]. Materials containing more than 2% Cu showed the low-temperature peak shifted to 260-300°C. It may be assigned to the reduction of surface CuO to Cu characterized by increasing the size of crystallites [START_REF] Chu | Selective oxidation of methane to syngas over NiO/barium hexaaluminate[END_REF]. The low temperature peak registered with H2-TPR confirms the presence of a CuO phase, which was not detected with XRD, possibly due to the high dispersion, but above all, the too small content of the promoter in the sample. The total incorporation of nickel into the periclase-like matrix may be confirmed with the lack of a characteristic peak at ca. 400 °C, normally attributed to the reduction in NiO to Ni [START_REF] Wang | Layered double hydroxide and related catalysts for hydrogen production and a biorefinery[END_REF]. The specific surface area for the studied mixed-oxide samples is in the range of 160-190 m 2 /g (Table 7.3), which is the usual value for such type of hydrotalcite-derived mixed oxides [START_REF] Zhang | Hydrogen production from ethylene glycol aqueous phase reforming over Ni-Al layered hydrotalcite-derived catalysts[END_REF]. All hydrotalcite-derived catalysts were characterized with an IV type isotherm according to the IUPAC standard, with subtype H1 [START_REF] Alothman | A review: Fundamental aspects of silicate mesoporous materials[END_REF]. The unpromoted sample and those with 2 and 4 wt% of Cu may resemble subtype H3, however, they lack slope associated with a so-called tensile strength effect. The obtained H1 hysteresis loop is normally assigned to mesoporous materials with well-defined cylindrical pores, while H3 represents slit-shaped mesoporous materials. Zhao et al. [START_REF] Perkins | Fourier Transform-Infrared Spectroscopy[END_REF] reported similar surface parameters for Cu-promoted Ni-Al hydrotalcites [START_REF] Zhao | Cu promoted hydrotalcite-based NiAl mixed oxides in adsoption and oxidation of SO2 reaction: Experimental and theoretical study[END_REF]. Compared to the unpromoted catalyst, the increase of the addition of copper leads to a decrease of the mean pore diameter and total pore volume. This effect can be assigned to the blockage of pores caused by the addition of the promoter [START_REF] Sukkathanyawat | Promoter Effect on the Physico-chemical Properties of Cobalt Based Catalyst for CO Hydrogenation[END_REF]. In Fig. 7.6 are presented CO2-TPD profiles for reduced hydrotalcites. Profiles were deconvoluted into three Gaussian curves, with the maximum desorption rate in the range of 120-150°C, 210-250°C, and 330-380°C [START_REF] Bastiani | Influence of thermal treatments on the basic and catalytic properties of Mg,Al-mixed oxides derived from hydrotalcites[END_REF]. All materials showed a similar tendency in the case of the the shape of CO2-TPD curves. The dominant type of basic sites was medium strength (registered at 210-250 °C). According to the literature, this type of basic sites is the crucial for methanation [START_REF] Świrk | Understanding of trireforming of methane over Ni/Mg/Al hydrotalcite-derived catalyst for CO2utilization from flue gases from natural gas-fired power plants[END_REF]. The addition of Cu strongly increased the overall number of basic sites, with a special emphasis on those with medium strength. The highest total number of basic sites was found in the HTNiCu1 sample, while HTNiCu2 resulted in the highest number of basic sites (Table 7.4). The increase in promoter content did not have a significant influence on the weak and strong basic sites; however, the amount of HTNiCu1 is located at ca. 20-30°C higher temperatures, compared to other materials studied. Such an observation suggests a stronger interaction between carbon dioxide and the basic sites of medium strength in that sample. 

Catalytic performance in CO2 methanation

The conversion of CO2 as a function of the temperature of the hydrotalcite-derived samples is presented in Fig. 7.10a. Table 7.5 contains direct values of CO2 conversion and CH4 selectivity obtained by each catalyst at the temperatures tested. At 250 °C, all samples showed similarly low conversion below 10% and no promotion effect of Cu was observed. The activity of the catalysts increased at 300 °C, especially for HTNiCu1 (61% of CO2 conversion) and HTNiCu0.5 (51%), while the remaining samples resulted in 18-27%. Copper has already been reported to increase catalytic activity at low temperatures [START_REF] Ren | Methanation of carbon dioxide over Ni-M/ZrO2 (M = Fe, Co, Cu) catalysts: Effect of addition of a second metal[END_REF]. The highest CO2 conversion was observed at 350°C for the sample with 1 wt% of Cu (86%) followed by the catalyst with 0.5 wt% of Cu (80%). The unpromoted catalyst and the one with 2 wt% Cu gave a similar CO2 conversion of 60-61%, while the sample with the highest copper loading obtained 28%. At 400 °C the same CO2 conversion (85%) was achieved by both HTNiCu0.5 and HTNiCu1. HTNiCu2 and HTNi again resulted in similar activity (74-78%). At 450 °C all the tested catalyst obtained very similar CO2 conversion of 77-80%, reaching thermodynamic equilibrium, except HTNiCu4, which remained the least active among tested materials.

The selectivity to methane is presented in Fig. 7.10b. Above 350 °C samples with low Cu content (0.5-1 wt%) as well as HTNi gave similar, satisfactory selectivity of ca.

97-99%. Below 350 °C all the catalysts resulted in formation of CO to some extent, however, the higher the content of the copper promotion, the bigger was contribution of carbon monoxide to the products. The low selectivity for methane was especially visible in the HTNiCu4 catalyst, which below 350 °C mainly formed CO. Methane was dominating only at the temperatures above 400 °C, but the obtained selectivity remained low, compared to the other samples. Not selective at 250 and 300 °C HTNiCu2, obtained values closer to thermodynamic equilibrium at 350 °C and formed mainly methane above this temperature. As reported elsewhere, the mechanism of the reaction in copper can be initiated with a reduction in CO2 to CO followed by a later dissociation of CO to C and O [START_REF] Araki | Methanation of carbon monoxide on nickel and nickel-copper alloys[END_REF]. Moreover, copper promotes the reverse water-gas shift reaction [START_REF] Dias | Carbon dioxide methanation over Ni-Cu/SiO2 catalysts[END_REF]. On the basis of the above-mentioned results, with the increase of Cu content, more CO should be initially formed, but only at higher temperatures it may be dissociated and converted to methane. The results of the stability tests carried out at 300 °C are presented in Fig. The selectivity of all tested catalysts remained constant throughout the entire time on stream, both in the 5 and 72 h tests. Long stability tests confirmed the results already observed for the short-term test: both samples remained stable even during the extended time on stream. The HTNi sample, however, in the TPSR test, resulted in 27% of CO2 conversion at 300 °C, while during the stability test at the same temperature, the registered activity was of ca. 40%. This phenomenon may be explained by the formation of nickel carbide at temperatures below 250 °Cprobably during the TPSR test, at the initial temperature some of the sites were temporally deactivated. Testing the sample directly at 300 °C allowed avoiding the deactivation and obtaining the higher conversion. 

Post run characterization of materials

The XRD diffractograms recorded for the samples after TPSR catalytic tests are presented in Fig. 7.12. The crystallite size of the metallic phase for the reduced and post-run samples is compared in Table 7.6. For the crystallite size of Ni/Ni-Cu calucated from XRD, Scherrer formula was utilized, considering the average value obtained for all the phase-related reflections. The average crystallite size for the reduced metal particles before the catalytic tests was found to be in the 7-14 nm range, and these results are confirmed with TEM for HTNi and HTNiCu1. For the HTNiCu4, the result significantly varied. In the post-run catalysts, particle growth is observed for the unpromoted sample. The Ni 0 crystallite size calculated from XRD decreased significantly for Cu-promoted catalysts, down to values of 4-7 nm. Such phenomena could be explained with the effect of catalyst erosion. All measured TGA curves present distinct steps in weight loss, with an overall loss of ca. 20 wt%. The first significant step, registered from 30 to 300 °C, is normally associated with the desorption of physically adsorbed water and carbon dioxide from the surface [START_REF] Guo | Highly Active Ni-Based Catalyst Derived from Double Hydroxides Precursor for Low Temperature CO2 Methanation[END_REF]. This step in total resulted in a weight loss of 9.5, 9.0, and 9.1 wt%, respectively, for the HTNi, HTNiCu0.5, and HTNiCu1 catalysts. The second step registered in the range of 300-400 °C may be assigned to the desorption of amorphous carbon species [START_REF] Świrk | Carbon-resistant NiO-Y2O3-nanostructured catalysts derived from doublelayered hydroxides for dry reforming of methane[END_REF]. The highest decrease of 8.8 wt% was observed for the unpromoted sample, followed by 7.0 wt% for the catalyst with 0.5 wt% of Cu, and 6.6 wt% for HTNiCu1. Additional effect of an increase of the weight (2.4 wt%) in the range of ca.

430-570 °C was registered for the unpromoted catalyst, and can be assigned to the oxidation of metallic Ni species on the surface [START_REF] Dębek | Influence of Ce/Zr molar ratio on catalytic performance of hydrotalcite-derived catalysts at low temperature CO2 methane reforming[END_REF].

In general, the observed TGA results are in agreement with similar data for nickelbased catalysts reported elsewhere [START_REF] Charisiou | The relationship between reaction temperature and carbon deposition on nickel catalysts based on Al2O3, ZrO2 or SiO2 supports during the biogas dry reforming reaction[END_REF]. As discussed in Chapter 4.2 formation of carbon deposits is not thermodynamically favoured in the studied conditions of the CO2 methanation reaction. On the basis of the post-run characterization, deactivation of the catalyst due to severe carbon deposition or sintering can be excluded.

Conclusions

The Ni-Mg-Al hydrotalcite-derived catalysts promoted with copper are interesting materials for the CO2 methanation reaction. Based on the presented study, following conclusions were made:

• The Cu promotion of the Ni-Mg-Al hydrotalcite-derived catalyst led to a significant increase in the number of detected basic sites was observed, especially with medium strength;

• The addition of small amounts of copper (0.5-1 wt%) as promoter visibly improved the catalytic activity of the Ni-Mg-Al catalyst, especially at 300-350 °C;

• The best catalytic performance was obtained for the HTNiCu1 sample, which contained the highest number of medium-strength and total basic sites, among the studied series;

• During the reduction step, nickel and copper form a solid solution (confirmed with elemental mapping), which probably undergoes a catalytic erosion process during the tests towards CO2 methanation;

• The high content of Cu in the Ni-Mg-Al hydrotalcite-based catalyst favors the reverse water-gas shift reaction, CO is the main product of the reaction below 350 °C. The parameter of the unit cell c was calculated according to the Eq. 7.1 and 7.2, and compared in Table 7.7 For all the so-synthesized materials, the obtained c value is in a range of 23.4 to 23.9 Å, confirming a similar extent of electrostatic interaction inside the studied structures [START_REF] Guil-López | Hydrogen production by oxidative ethanol reforming on Co, Ni and Cu ex-hydrotalcite catalysts[END_REF].

On the influence of

The c' parameter was calculated based on the Eq. 7.3 space. According to the values obtained, in the interlayer region expected is the foremost presence of CO3 The parameter a characterizing an average cation to cation distance in the brucite-like sheets, calculated as described in Chapter 7.1.1 resulted in the same value of 3.06 Å for the cobalt-promoted samples. The constant value of a unit cell parameter despite the increase in the cobalt content excludes significant structural disturbance. The FTIR spectroscopy test was performed on LDHs after coprecipitation, and the results are presented in Fig. 7.15. Fresh samples show the type of curve typical for such compounds, similar to the previously discussed Cu-promoted samples. The band at 3600-3500 cm -1 is characteristic of the stretching vibrations of the -OH group, from the water located inbetween the brucite-like sheets. Shoulder at ca. 3000 cm -1 is confirms the presence of interlayer H2O species, together with bending vibration at 1600 cm -1 . The bands at 1350-1380 cm -1 and 670-690 cm -1 are assigned to the carbonate anion. Shoulders at 400-800 cm -1 are usually attributed to octahedral lattice vibrations, especially translational motions of oxygen in the brucite-like sheets. However, FTIR was carried out foremost to determine the nature of interlayer anion. Just like in the case of Cu-promoted hydrotalcite samples, the spectra obtained for cobalt-promoted materials allows for excluding the presence of NO3 -in the interlayer region. None of the spectra showed bands characteristic for NO3 -anions (1300, 1420, 1760, 2330, 2475 cm -1 etc.), while the presence of CO3 2-is clearly confirmed. with bivalent to trivalent metal ratio of 3:1. Similarly, the assumed amount of Ni in the so-synthesized hydrotalcite was 15.3-15.5 wt%, and of Co from 0.5 to 4 wt%. After the thermal decomposition, the content of nickel and cobalt increased, to 17.9-20.9 and 0.7-5.0 wt% correspondingly. The change in the concentration of particular elements was assigned to the loss of carbonate groups and interlayer water, which led to the overall decrease of mass of the sample. Calcined LDHs additionally contained ca. 9-10 wt% of Al and from 15.8 to 18.4 wt% of Mg (Table 7.8). No additional diffraction lines from undesired oxide phases, such as nickel or cobalt oxides, were detected. The recorded diffractograms suggest a high degree of phase purity, and the formation of highly dispersed, nano-crystalline oxide matrix [START_REF] Wierzbicki | The influence of nickel content on the performance of hydrotalcite-derived catalysts in CO2 methanation reaction[END_REF][START_REF] Dȩbek | Methane dry reforming over hydrotalcite-derived Ni-Mg-Al mixed oxides: The influence of Ni content on catalytic activity, selectivity and stability[END_REF][START_REF] Yu | Effect of a second metal (Co, Cu, Mn or Zr) on nickel catalysts derived from hydrotalcites for the carbon dioxide reforming of methane[END_REF]. Low-temperature N2 sorption was performed to study the textural properties of cobaltpromoted mixed oxides derived from hydrotalcites. The isotherms are compared in Fig. 7.17. Similarly to Cu-promoted materials, the cobalt-containing hydrotalcite-derived catalysts are classified with type IV (IUPAC) of the isotherm, typical for this type of mesoporous materials [START_REF] Alothman | A review: Fundamental aspects of silicate mesoporous materials[END_REF]. Furthermore, all tested materials can be characterized with the H1 subtype of isotherm type IV, related to the presence of cylindrical and well-defined pores. Textural properties such as total pore volume, mean pore diameter, and colume of mesopores are presented in Table 7.9. The SBET specific surface area for cobalt-containing samples is in the range of 194-215 m 2 /g. While the cobalt content in the sample increased, a decrease in specific surface area was observed, although it was lower than the experimental error for this kind of measurement. Usually, such a decrease is explained by the blocage of pores in the presence of the promoter. Such a statement could be in agreement with the observed changes in the porous properties. The general porosity of the tested samples is dominated by mesopores. The highest total pore volume of 0.55 cm 3 /g was found for the unpromoted sample, decreasing to 0.35 cm 3 /g with an increase in cobalt content. Furthermore, the registered mean pore diameter was lower for the catalysts with higher cobalt promotion. A small abbreviation was noticed for the HTNiCo2 sample, in which the mean pore diameter was larger than for neighboring samples. As was previously mentioned, addition of the promoter may result in the blocage of mesopores, and such a trend is likewise observed with addition of cobalt, when a decrease of porosity is clearly registered. Such observations were already reported elsewhere for transition metal-promoted Ni/Mg/Al hydrotalcites, in which pores were partially blocked by the promoter [START_REF] Wierzbicki | Ni-Fe layered double hydroxide derived catalysts for non-plasma and DBD plasma-assisted CO2 methanation[END_REF][START_REF] Niu | Effect of oxide additives on the hydrotalcite derived Ni catalysts for CO2 reforming of methane[END_REF]. The H2-TPR profiles for thermally decomposed hydrotalcites are presented in Fig. 7.18.

For all thesamples, a wide peak was recorded in the high temperature region (610-860 °C) was registered. It was assigned to the reduction of nickel species from the periclaselike oxide matrix. The visible shift of the peak position to the direction of lower temperatures with an increase in cobalt content was confirmed in the literature [START_REF] Liu | Cobalt doped Ni based ordered mesoporous catalysts for CO2 methanation with enhanced catalytic performance[END_REF]. The improved reducibity of stable periclase-type oxide may be assigned to the presence of cobalt [START_REF] Liu | Cobalt doped Ni based ordered mesoporous catalysts for CO2 methanation with enhanced catalytic performance[END_REF]. A general trend is observed for the materials prepared, excluding HTNiCo1, for which the center of the peak was registered at a temperature 10 ° C higher than for the reference material (HTNi). This behaviour of HTNiCo1 indicates strong Ni-O interactions within the oxide matrix [START_REF] Shafiee | Solid-state synthesis method for the preparation of cobalt doped Ni-Al2O3 mesoporous catalysts for CO2 methanation[END_REF] or can be associated with the residual phase detected with XRD (Fig. 7. [START_REF]Catching up with Lars Schneider: rugged beauty of the Faroe Islands[END_REF]) only in this sample [START_REF] Świrk | Vanadium promoted Ni(Mg,Al)O hydrotalcite-derived catalysts for CO2 methanation[END_REF]. Additionally, all of the cobaltpromoted materials were characterized with small peaks at low temperatures. They can be assigned to the reduction of small amounts of Co3O4, which can be reduced at temperatures 270-400°C [START_REF] Liang | Methanation of CO2 over alumina supported nickel or cobalt catalysts: Effects of the coordination between metal and support on formation of the reaction intermediates[END_REF][START_REF] Qin | CO2 methanation on Co/TiO2 catalyst: Effects of Y on the support[END_REF]. The shoulders at 290-310 °C may have originated from weakly bonded and well distributed Co2O3, while those in the temperature range 370-410°C from the reduction of Co 3+ ions dissolved in the periclase-like matrix, reduced to Co 2+ [START_REF] Yu | CO2 methanation over alumina-supported cobalt oxide and carbide synthesized by reverse microemulsion method[END_REF][START_REF] Lucrédio | Cobalt catalysts prepared from hydrotalcite precursors and tested in methane steam reforming[END_REF]. The remaining cobalt species are probably reduced with nickel above 600°C [START_REF] Olusola | Temperature programme reduction (TPR) studies of cobalt phases in -alumina supported cobalt catalysts[END_REF][START_REF] Le | CO and CO2 Methanation Over Supported Cobalt Catalysts[END_REF]. The number of medium-strength and strong basic sites of the samples with the lowloading promotion with cobalt (0.5-2 wt%). The incorporation of 0.5 wt% cobalt led to the shift in desorption temperature observed at each range. The desorption temperature for weak, medium-strength, and strong basic sites shifted in the direction of the lower temperatures, respectively, by ca. 20, 30, and 50 °C for the HTNiCo0.5 catalyst, compared to HTNi. Increasing the content of cobalt in the catalyst above 1 wt% led to the shift of the center of desorption peak to the higher temperature, suggesting an improved interaction between CO2 and the site. The 3d orbitals of both metallic Ni and Co are not fully occupied with electrons, promoting the activation of CO2 to form CO2. Eventually, Ni and Co form a Lewis basic complex with the hydroxyl surface group. This interaction with carbon dioxide shifts the desorption temperature to the higher range [START_REF] Liang | Methanation of CO2 over alumina supported nickel or cobalt catalysts: Effects of the coordination between metal and support on formation of the reaction intermediates[END_REF]. TEM measurements were performed first to study the distribution of the size of the nickel crystallites in the studied samples (Fig. 7.21). Among the cobalt-promoted catalysts, the most uniform distribution of nickel crystallites is registered for HTNiCo1. This catalyst was characterized with the most narrow distribution of Ni 0 crystallites and the smalles average particle diameter. The increase in cobalt promotion to 2 and 4 wt% leads to the visible increase in the size of the nickel particles. The size distribution of Ni 0 crystallites for HTNiCo2 and HTNiCo4 is wide, including particles with diameters from ca. 10-15 nm up to 60-70 nm. The dominant crystallites, however, have ca. 20-30 nm. The presence of such large particles is considered beneficial. Large Ni 0 crystallites are prone to coking and the availability fo active sites is limited. The catalyst with the lowest Co promotion, HTNiCo0.5, is characterized with small nickel particles on the surface, coexisting with bigger particles. The average particle diameters for the tested samples obtained with TEM measurements are close to those calculated using Scherrer equation, based on XRD (Table 7.9). Ni 2p 3/2 peak is located at 855.5 eV for the HTNi and shifts to the lower energies with an increase of cobalt promotion, down to 854.2 eV for HTNiCo4. This shift suggests electron transfer from nickel species characterized by higher electron density, related to the possible formation of a solid Co-Ni solution [START_REF] Liu | Cobalt doped Ni based ordered mesoporous catalysts for CO2 methanation with enhanced catalytic performance[END_REF]. The corresponding satellite peaks are located at ca. 5.5 eV above the Ni 2p 3/2 peak [START_REF] Wagner | Handbook of X-Ray Photoelectron Spectroscopy[END_REF]. The deconvolution of the Ni 2p3/2 peak (Fig. 7.23(a)) for the HTNi sample revealed that the Ni 2p 3/2 peak is composed mostly of energies resulting from NiO (peak at 855.4 eV [START_REF] Wagner | Handbook of X-Ray Photoelectron Spectroscopy[END_REF]) Ni 0 (ca. 852.3 eV [START_REF] Andrews | The influence of the number of unoccupied 3d states on the L 3M4,5M4,5 Auger spectrum of Ni[END_REF]), and Al2NiO4 at 857.0 eV [START_REF] Ertl | XPS study of copper aluminate catalysts[END_REF]. The fourth peak located at 852.9-853.1 eV was distinguished for the cobalt-promoted samples. In all of the samples containing cobalt, the peak corresponding to NiO is ca. 18-25% of the area of the entire Ni 2p 3/2 peak, while for the refence HTNi material it reaches ca. 78%.

The peak at ca. 857.0 eV assigned in HTNi to NiAl2O4 may be also related to the formation of Ni(OH)2 in the reduced samples. The presence of spinel in HTNi was suggested with HRTEM (Fig. 7.22). However, overlapping of the signal from both spinel and hydroxide cannot be excluded. Each of a samples showed the surface content of the Ni(OH)2 phase of ca. 10-20%. Nickel hydroxide was probably formed in parallel with NiO, during contact with atmospheric air during transportation of the reduced catalysts prior to actual measurement [START_REF] Lambers | Roomtemperature oxidation of Ni(110) at low and atmospheric oxygen pressures[END_REF]. Cobalt-promoted samples are characterized with the presence of the metallic Ni 0 of ca. 38-49% -the highest amount (ca. 49%) was observed for HTNiCo1. The smallest detected contribution of metallic Ni ( 8%) was for HTNi. In cobalt-promoted samples, the additional peak with a binding energy higher than that of metallic nickel is most likely be related to the presence of a Ni-Co solid solution [START_REF] Turner | Determination of peak positions and areas from widescan XPS spectra[END_REF].

The mentioned peak has a similar share in all of the cobalt-containing samples, ca. 20%.

According to the results it may be assumed that nickel is present mainly in the reduced form or together with cobalt as a solid solution. The main Co 2p 3/2 peak was located at 780 eV with a corresponding satellite at 6.0 eV above [START_REF] Gao | Effect of different templating agents on cobalt ferrite (CoFe2O4) nanomaterials for high-performance supercapacitor[END_REF]. Similarly, the Co 2p 1/2 peak had its maximum at 796 eV with a satellite peak at 802 eV. Four oxidation states were distinguished from the Co 2p 3/2 peak of HTNiCo4. eV corresponded in the primary to the NiO phase [START_REF] Dubé | Electrodeposition of Metal Alloy and Mixed Oxide Films Using a Single-Precursor Tetranuclear Copper-Nickel Complex[END_REF] and cobalt oxides that give a peak at similar binding energy [START_REF] Petitto | Cobalt oxide surface chemistry: The interaction of CoO(1 0 0), Co3O4(1 1 0) and Co3O4(1 1 1) with oxygen and water[END_REF]. The latter Gaussian curve with maximum at 531.4 eV was probably associated with the presence of -O-H groups from Ni(OH)2, formed during contact of the sample with atmospheric air [START_REF] Fan | Rational Design of Peroxymonosulfate Activation and Photoinduced Catalysis Tandem Systems for Artificial Conversion of Solar Light to Chemical Energy[END_REF].

The relative area of Ni 2p3/2 peaks is presented in Table 7.11. As discussed above, the catalysts were partially oxidized during contact with atmospheric air. The highest contribution of nickel oxide was detected in the HTNi catalyst. On the basis of the reported results, it may be concluded that the presence of Co does influence on the nickel oxidation statein the cobalt-promoted catalysts, the majority of nickel is recognized as the reduced form which can be assigned to the improved reducibility ensured by the addition of cobalt. 

Catalytic performance in CO2 methanation

The results of the temperature-programmed surface reaction tests (TPSR) toward the CO2 methanation are presented in Fig. 7.24. As shown in Fig. 7.24 (a), all of the cobalt-promoted samples obtained CO2 conversions higher in the entire temperature range than the unpromoted HTNi catalyst. At the initial temperature (250°C) none of the studied catalysts exceeded 25% of CO2 conversion. At 300°C catalytic activity of the samples with 0.5, 1, and 2 wt% of Co was visibly increased (72-77%). The best performance was registered for the HTNiCo1 sample, which at 350°C obtained CO2 conversion close to the thermodynamic equilibrium. The conversion shown by HTNiCo0.5 and HTNiCo2 was similar throughout the temperature range. At 400 °C and above, all of the cobalt-promoted samples reached activity in line with thermodynamical equilibrium. Among the cobalt-containing catalysts, the worst performance was recorded for HTNiCo4, however, even this material obtained thermodynamic equilibrium above 400 °C. The effect of cobalt promotion is visible throughout the test, comparing to the activity of the unpromoted HTNi sample, which resulted in the lowest CO2 conversion at the given temperatures. At low temperature (250°C), HTNiCo0.5, HTNiCo2, HTNiCo4 resulted in the formation of carbon monoxide (23-50%), while both HTNi and HTNiCo1 showed high selectivity to methane (92-96%). At and above 300°C, all the studied samples were very selective towards methane formation, with a CH4 selectivity greater than 94%, and reaching average value ca. 97-99% for all the catalysts with Co.

A 5h stability tests were carried out at 300 °C for the examined catalysts (Fig. 7.25(a)).

Furthermore, the best catalyst among promoted (HTNiCo1) was tested for 24 h stability at the same temperature (Fig. 7.25 (b)). The cobalt-promoted samples remained stable during time on stream (TOS) in a 5h test. Furthermore, the HTNiCo1 catalyst did not lose activity during the 24 hours test, despite a small decrease (ca. 1-1.5%) of CO2 conversion was observed for the reference HTNi sample. The catalyst promoted with cobalt has already reported as the most stable, in comparison to NiO-MgO systems with Fe or Cu [START_REF] Varun | Highly stable M/NiO-MgO (M = Co, Cu and Fe) catalysts towards CO2 methanation[END_REF]. 

Site time yields calculations

The average Ni 0 crystallite size for the reduced samples was determined using Scherrer [START_REF] Liu | Cobalt doped Ni based ordered mesoporous catalysts for CO2 methanation with enhanced catalytic performance[END_REF][START_REF] Xu | CO2 methanation over Co-Ni bimetal-doped ordered mesoporous Al2O3 catalysts with enhanced low-temperature activities[END_REF]. Furthermore, in catalysts HTNiCo1 and HTNiCo2, the crystallite sizes from H2-chemisorption and XRD vary significantly. However, the XRD result found confirmation in TEM images.

Considering the premises and nature of each method, the most reliable way to know the average particle size is TEM. The Ni 0 crystallite size calculated based on XRD is an average value, moreover, depending on the experimental set-up: chosen shape factor, calibration curve, limitations in detection of the crystallites below 4 nm, etc.

The nickel dispersion of the studied samples, calculated based on TEM and H2chemisorption is listed in Table 7.12. The dispersion values from H2-chemisorption and TEM are having a similar sequence, but are generally divergent. Especially in H2chemisorption, due to uncertainties, the values are falsely higher, as hydrogen spillover on the support [START_REF] Richardson | Interpretation of hydrogen chemisorption on nickel catalysts[END_REF]. Similarly, measurements were carried out in an atmosphere of pure hydrogen, while prior to the other tests, samples were reduced at the mixture of 5%H2/Ar, which may correspond the observed differences. On the other hand, TEM allows the detection of the buried particles, which is usually not possible with H2-chemisorption [START_REF] Liu | Metal sintering mechanisms and regeneration of palladium/alumina hydrogenation catalysts[END_REF]. Another difficulty was choosing optimum temperature conditions for the chemisorption measurement on a bimetallic Ni-Co catalyst. At 300 K, nickel is showing near zero activation energy for hydrogen adsorption. At low temperature (recommended measurement temperature is 400 K), the kinetic barrier for cobalt possibly affects the adsorption of a well-established monolayer. As reported elsewhere, an increase of the Co content in nickel catalyst leads to a decrease of the dispersion value obtained by H2chemisorption [START_REF] He | Co-Ni catalysts derived from hydrotalcite-like materials for hydrogen production by ethanol steam reforming[END_REF][START_REF] Sengupta | Effects of modifying Ni/Al2O3 catalyst with cobalt on the reforming of CH4 with CO2 and cracking of CH 4 reactions[END_REF]. However, the results are although in a good agreement with the sequence for catalytic activity: HTNiCo1 (11.8%) > HTNiCo0.5 (10.5%) > HTNiCo2

(5.5%) > HTNiCo4 (4.7%) > HTNi (3.2%). Such a correlation may be assigned to overall hydrogen uptake on the catalyst surface, measured with chemisorption, rather than the particle size itself. According to the crystallite size derived fromTEM, the highest dispersion was assigned to the most active sample, HTNiCo1 (8.6%). In the dispersion ranking, the second best material HTNiCo0.5 resulted in a slightly lower dispersion of 7.9%. The reference catalyst HTNi resulted in a dispersion greater than HTNiCo4 (6.7% and 4.2%, respectively). Based on the TEM results, the site time yield (STY) was calculated for the reaction at 300 °C (Table 7.12). STY in this case defines the number of molecules of a specified product obtained per mass of the catalyst and per unit time [START_REF] Boudart | Turnover Rates in Heterogeneous Catalysis[END_REF].

Having in mind complexity of the methanation on the bimetallic catalyst, and the fact that CO2 is formed in several parallel reactions, STY are more valid for this kind of study than turnover frequency number (TOF). HTNiCo0.5 and HTNiCo1 resulted in STY values of STY higher than for other materials, giving 76.63 mmol•g -1 •h -1 and 49.64 mmol•g -1 •h -1 correspondingly. The highest yield of methane formation was then registered for a HTNiCo0.5, due to the lowest density of this catalyst. The remaining samples:

unpromoted HTNi, the one with 2 wt%, and with 4 wt% of Co resulted in STY values of 27.28, 25.59, and 24.39 mmol•g -1 •h -1 subsequently. 

Post-reaction characterization

In Fig. 7.26 X-ray diffractograms for the post-run catalysts are presented. Phases distinguished for the reduced samples, such as spinel, periclase, and metallic nickel, were also detected in the spent catalysts. Moreover, a residual hydrotalcite phase was confirmed in all of the studied materials. The presence of such residual LDHs phase is assigned to a memory effect discussed in Chapter 5.1.3. In an environment rich in CO2 and H2O, such as during the CO2 methanation reaction, the layered structure can be partially rebuilt [START_REF] News | It rained for the first time at the summit of Greenland's ice sheet[END_REF]. HTNiCo2, were found to have smaller nicke crystallites after the methanation test than on the pre-run catalyst. On the basis of the presented result, no obvious correlation between cobalt content and tendency for sintering may be drawn.

Moreover, no reflections of crystalline carbon-related peaks were detected by XRD in the post-run materials, suggesting that this kind of carbonaceous species was not formed on the surface of the catalyst during the catalytic test, allowing for its identification X-ray diffraction. As mentioned above, coke formation is not a favored reaction under the applied reaction conditions (250-450°C) due to continuous hydrogenation of carbon species formed at such temperature range [START_REF] Mirodatos | Deactivation of nickel-based catalysts during CO methanation and disproportionation[END_REF].

Conclusions

The cobalt-promoted hydrotalcite-derived mixed oxides presented here are definitely interesting catalysts for the hydrogenation of CO2 to methane.

• Cobalt does increase the number of basic sites of the Ni-Mg-Al hydrotalcitederived mixed oxides, especially in the case of medium-strength and strong basicity. A direct correlation between the catalytic activity and the number of basic sites on the surface can be drawn. The most active catalyst was the catalyst with the highest total number of basic sites with the dominance of the strong basic sites. The detected fraction of weak basic sites in the cobalt -promoted samples was negligible (in comparison to medium-strength and strong).

• The most active catalysts (HTNiCo0.5 and HTNiCo1) were characterized with the smallest size of nickel crystallites. However, in the case of catalysts with 2 and 4 wt% Co, the correlation between average Ni 0 particle size and catalytic activity is not evident.

• A direct correlation may be drawn between catalytic activity and the results of H2 chemisorption measurements, related more to the hydrogen uptake on the surface of the catalysts than to the actual dispersion.

• The specific surface area was found to slightly decrease with an increase in cobalt promotion. Because SBET is often related to a dispersion, the tendency was observed for the catalysts with higher surface area and lower amounts of cobalt to be more active.

• The best catalytic activity was registered for materials with an improved reducibility of surface nickel, as confirmed by XPS.

• The beneficial influence of the Ni-Co solid solution has been widely reported [START_REF] Liu | Cobalt doped Ni based ordered mesoporous catalysts for CO2 methanation with enhanced catalytic performance[END_REF]. However, based on the presented data, such correlation cannot be clearly confirmed.

• Cobalt can be identified as a textural and electronic promoter, improving the reducibility and surface basicity of the catalyst.

• Optimal improvement of surface properties was obtained with low cobalt loadings (0.5 and 1 wt%), which resulted in catalysts with satisfactory performance.

• Cobalt does not promote side reactions, all of the tested samples resulted in high selectivity to methane under the test conditions.

On the Solution Combustion Synthesis as an alternative method for preparation of Ni-Mg-Al mixed-oxide catalyst

Co-precipitaion of hydrotalcites at contant pH is a complex and energy-consuming pathway to produce a mixed oxide catalyst. Without any doubt, some of the qualities of hydrotalcite-derived catalysts are unique (memory effect, formation of nano-crystallites of nickel on the surface, acidic/basic properties etc.). However, the synthesis of such catalysts for environmental applications should be simplified. The two highest problems of preparation of hydrotalcite-derive materials are: big energy consumption (from steps such as aging, drying, calcination) and production of big amounts of waste water (removing nitrate anions after co-precipitation and aging). Product of hydrotalcites thermal decomposition, and at the same time actual catalytic product that is later reduced and tested for the reaction, are mixed-oxides characterized with periclase-like oxide structure.

To produce oxide matrix possibly similar to the thermally decomposed hydrotalcite, containing Ni, Mg and Al in its structure, solution combustion synthesis was chosen.

Simultaneous co-combustion of all the precursors at the same time could allow for formation of Ni-Mg-Al mixed oxide structure with similar properties to those obtained from hydrotalcites. The two main parameters of solution combustion synthesis are fuelto-nitrates ratio, and temperature or rather amount of energy delivered to initate the ignition of the precursors with the oxidizer. For further information on the synthesis itself, the solution combustion synthesis was already introduced in Chapter 5.2.2.4.

In the present thesis, the subject of research presented is about the influence of fuel-tonitrates ratio, varying from100 to 175% and temperature chosen as 300 and 500 °C on the properties and catalytic performance of Ni-Mg-Al mixed oxides obtained via solution combustion synthesis. Other samples using an urea content of 25% were synthetized.

However due to the lack of homogeneity of the obtained products or incomplete combustion in the case of catalyst prepared at 300 °C, those materials were excluded from the present study.

On the thermaly assisted solution combustion synthesis

Thermodynamic study of the solution combustion synthesis parameters

The parameter that has the greatest impact on the thermodynamics of the solution combustion synthesis is fuel-to nitrates ratio (φ). In the chosen preparation route, based on the volume combustion (thermal explosion) approach, the amount of the delivered heat may also affect the products. Synthesized mixed oxides are composed of nickel, magnesium, and aluminum in the oxide form. To estimate the required amount of urea, calculations were made on the stoichiometric equation of the reaction between the chosen nitrates and fuel (urea). In the part related to the thermodynamic parameters of the synthesis, three types of ratio (φ) were considered: 25%, 100% and 175%.

Assumed reactions are listed below [Eq. 8.1-8.9].

For synthesis of aluminium oxide from aluminium nitrate:

(φ=25%) 2 Al(NO3)3 When the reaction is carried out with the below-stoichiometric urea ratio, oxygen plays a role as a product of the reaction. For the stoichiometric φ oxygen is not involved directly in the reaction, and for the stoichiometric urea-to nitrates ratio above, oxygen is a substrate.

Additionally, side reactions require separate consideration. Under the given conditions, both urea and nitrate precursors are being decomposed. Excess urea forms carbon dioxide and ammonia (corrosive and irritating agent), while excess nitrates form NOx (toxic and corrosive agents), making the use of the stoichiometric urea to nitrate ratio the safest among proposed solutions. Additionally, the shortening of the period of heating the solution of precursors limits the time in which side products may be formed.

The adiabatic combustion temperature is a typical parameter of solution sombustion synthesis. Such a temperature informs to which level the energy used to heat the reaction products under adiabatic conditions may rise. It was calculated based on Equations 8.10 and 8.11 and later compared in Fig. 8.1 for each of the reactions (aluminium nitrate + urea, magnesium nitrate + urea, nickel nitrate + urea) and the mixture of those 3 elements, in the ratio required to obtain the studied in the present chapter.

𝑇 𝑎𝑑 = 𝑇 0 + Δ𝐻 𝑠 0 -Δ𝐻 𝑝 0 𝐶 𝑝 Eq. 8.10
where T0 is 25 °C, ΔH 0 s, and ΔH 0 p are the enthalpies of formation of the substrates and products, respectively, and Cp is the heat capacity of the products at constant pressure [START_REF] Toniolo | Nanostructured cobalt oxides (Co3O4 and CoO) and metallic Co powders synthesized by the solution combustion method[END_REF];

Q = ΔH 𝑟 0 = ∫ ∑ 𝑛 𝑗 𝐶 𝑝,𝑗 𝑑𝑇 𝑗 𝑇 𝑎𝑑 𝑇 𝑜 Eq. 8.11 in which Q is heat of reaction, ΔH 0
r is enthalpy of the reaction, Cp,j(T) is the specific heat of the j-product as a function of temperature and nj are the amounts of each compound [START_REF] Varma | Solution Combustion Synthesis of Nanoscale Materials[END_REF].

The formation patterns and heat capacities for the chosen compounds are listed in Table 8.1. As one can note in Fig. 8.1, the highest adiabatic temperatures were obtained for aluminum, which suggests that the highest amount of energy is released during this reaction. Values for magnesium and nickel oxides are comparable, significantly lower than for alumina, at φ lower than 100%. For all of the studied cases, the temperature is increasing with increasing fuel-to-nitrate ratio, signifying that addition of higher amounts of urea will lead to a larger amount of energy released during the reaction. To provide a better overview of the combustion process, K-type thermocouple was placed inside the mixture of the precursors, after the solution was put inside the preheated furnace. Two set temperatures were studied: 300 and 500 °C. Thermocouple registered changes of the mixture temperature during the entire combustion synthesis. The results for each type of obtained product are compared in Fig. 8.2. The first visible correlation is the time between the start of the measurement and ignition of the mixture: the process carried out at 500 °C is faster than at 300 °C. Furthermore, the temperature resulting from ignition inside the furnace preheated to the higher temperature was higher in most cases.

The registered ignition temperatures at 300 and 500 °C for all of the systems studied systems are compared in Table 8.2. 

Physicochemical characterization

Diffractograms of the samples after combustion was performed and compared with the thermally decomposed hydrotalcite in Fig. 8.4. The dynamics of the solution combustion synthesis process has a significant influence on the specific surface area and porosity of the studied samples. Low-temperature nitrogen sorption isotherms for the mixed oxides are presented in Fig. 8.5. All SCS-derived samples can be characterized with IV type and H1 subtype of the isotherm [START_REF] Alothman | A review: Fundamental aspects of silicate mesoporous materials[END_REF] typical for mesoporous materials, however, the shape of the hysteresis loop is clearly changing suggesting the change in the shape of the pores. The mean pore size for SCS-derived samples is clearly smaller, compared to the thermally decomposed hydrotalcite, as presented in Table 8.3. This effect is is probably related to the dynamic of the combustion process.

The specific surface area and porous properties of the catalysts are presented in Table 8.3.

The explicit difference in the specific surface area of the synthesized mixed oxides is visible. Both samples prepared with an above-stoichiometric amount of fuel (SCS_175_300 and SCS_175_500) resulted in a moderate specific surface area of ca. 78 m 2 /g and 81 m 2 /g, respectively. Samples synthesized with the stoichiometric amount of fuel resulted in a relatively higher SBET of 113 m 2 /g (for SCS_100_300) and 132 m 2 /g (SCS_100_500). In comparison to thermally decomposed hydrotalcites, both the specific surface area and the total pore volume are higher for the latter. The spinel phase is expected to be the main phase in the materials prepared with 175% urea, compared to the remaining catalysts, which may explain the lower specific surface area -MgAl2O4 was usually characterized with a specific surface area of ca. 50 m 2 /g [START_REF] Gilles | Capitalism and Schizophrenia[END_REF]. The total pore volume of the SCS-derived catalysts varies from 0.056 to 0.151 cm 3 /g. SCS_175_300 and SCS_175_500 resulted in a comparable specific surface area, but the former presents a twice smaller total pore volume than the latter. The results confirm that the dynamics of the combustion, which is foremost affected by the heat has direct influence on the poreshaping of the catalyst. With an increase of the thermal regime during the reaction, the diameter of the pores is decreasing from 5.2 to c.a. 2.7 nm. The influence of the synthesis conditions on the reducibility of SCS-derived materials was carried out using H2-TPR. From the TPR, three types of nickel species were identified, based on the profiles obtained.

The low temperature shoulder ( ca. 295 °C) registered only for the SCS_100_500 sample, probably resulting from the reduction of weakly bonded NiO on the surface. Both catalysts synthesized at 500 °C showed a small shoulder at 385-415 °C which is generally assigned to NiO with stronger interaction with the support [START_REF] Liu | Enhanced low-temperature activity of CO2 methanation over highly-dispersed Ni/TiO2 catalyst[END_REF]. The catalysts obtained at 300 °C showed an explicit peak at 430-470 °C, which is typically assigned to the reduction of bulk NiO [START_REF] Chu | Selective oxidation of methane to syngas over NiO/barium hexaaluminate[END_REF]. The shape of this peak suggests reduction of these types of nickel compounds in two stages, where the first one is less dynamic, probably due to the presence of NiO crystallites as agglomerates.

All of the studied SCS-derived catalysts resulted in a wide high-temperature peak at the temperature range of 810-860 °C. This peak is normally associated with the reduction of nickel species present in the periclase-like oxide matrix [START_REF] Wierzbicki | The influence of nickel content on the performance of hydrotalcite-derived catalysts in CO2 methanation reaction[END_REF][START_REF] Dȩbek | Methane dry reforming over hydrotalcite-derived Ni-Mg-Al mixed oxides: The influence of Ni content on catalytic activity, selectivity and stability[END_REF].

Furthermore, the catalyst obtained under the most radical thermal conditions (SCS_175_500) resulted in an additional high-temperature peak at 930 °C, which probably corresponds to the reduction of nickel from NiAl2O4 spinel-type oxide [START_REF] Zhou | Effect of NiAl2O4 Formation on Ni/Al2O3 Stability during Dry Reforming of Methane[END_REF].

Both the high temperature and the above-stoichiometric amount of fuel delivered to the SCS_100_300 deg [START_REF] Varma | Solution Combustion Synthesis of Nanoscale Materials[END_REF]. The Scherrer equation was used to calculate an average crystallite size -the results are presented in Table 8.4. According to the results, the smallest Ni 0 particles of 10 nm were registered for the SCS_100_300 catalyst. For both samples synthesized with above-stoichiometric amount of urea, the average diameter of Ni 0 crystallites was found to be ca. 14-15 nm. Remarkably bigger crystallites, of 22 nm, were observed for SCS_100_500. strength, and strong sites, respectively [START_REF] Summa | Effect of cobalt promotion on hydrotalcite-derived nickel catalyst for CO2 methanation[END_REF]. The SCS-derived mixed oxides after reduction resulted in desorption peaks at the similar temperatures; only SCS_175_500

showed a lower desorption temperature from the weak sites (111 °C), compared to the other samples from the so-presented series (127-136 °C). Furthermore, the maximum desorption (182 ° C) of medium strength basic sites for both oth SCS catalyst synthesized with stoichiometric urea content was registered at temperature ca. 20-30°C higher than for samples prepared with above-stoichiometric ratio of urea. As was discussed previously for the LDH-derived catalysts, that the lowtemperature peak corresponds to the CO2 desorbed from weak Brønsted sites such as OH groups. The medium-temperature peak is related to the desorption of CO2 from bidentate carbonates formed in metal-oxygen pairs with accessible cations [START_REF] Rives | Characterisation of layered double hydroxides and their decomposition products[END_REF]; and the hightemperature peak is attributed to unidentate carbonates on low-coordination oxygen anions with strong basicity [START_REF] Di Cosimo | Structural requirements and reaction pathways in condensation reactions of alcohols on MgyAlOx catalysts[END_REF]. The registered shift to the higher temperatures in the peaks positions, especially visible for the SCS_175_300 catalyst indicates an increase in the strength of the interaction between the basic site and CO2. Nickel is a transition metal with a not fully occupied 3d electronic orbital. This property may promote the activation of CO2 to CO2 -as reported in the literature [START_REF] Zamani | Optimization of CO2 methanation reaction over M*/Mn/Cu-Al2O3 (M*: Pd, Rh and Ru) catalysts[END_REF]. Adiditionally, the nickel in NiAl2O4 is considered to be the strong basic site, and its oxygen vacancies promote the dissociation of carbon dioxide to CO. Magnesium from MgAl2O4 has a weak basic site character and has low affinity for CO adsorption due to weak total binding interactions and the absence of a d orbital [START_REF] Seo | CO2 Hydrogenation on NixMg1-xAl2O4: A Comparative Study of MgAl2O4 and NiAl2O4[END_REF].

The distribution of basic sites for the studied materials is presented in Table 8.5.

SCS-derived catalysts are dominated by basic centers of medium strenght, which is beneficial for the CO2 methanation reaction, as they a have high affinity for carbon dioxide [START_REF] Wierzbicki | Novel Ni-La-hydrotalcite derived catalysts for CO2 methanation[END_REF]. Lowest total basicity of ca. 70 μmol/g was reported for the SCS_175_300 sample, this material was dominated by medium basicity (48 μmol/g) and showed almost no strong basic sites. The second sample synthesized at 300 °C (SCS_100_300) was found to have doubled the total basicity of ca. 147 μmol/g, with a uniform distribution of each type of center, with a slight prevalence of medium-strength sites over the other sites.

Samples prepared at 500 °C showed the highest total basicity (ca. 217 μmol/g for SCS_175_500 and ca. 265 μmol/g for SCS_100_500). For SCS_175_500, similarly to SCS_100_300, a uniform distribution of each type of basic site was recognized.

SCS_100_500 showed an advantage towards medium-strength sites, of ca. 152 μmol/g.

The higher basicity of the samples synthesized at 500 °C may be related to the improved development of specific surface area, compared to the catalysts obtained at 300 °C. The increased surface might have led to the increased availability of Mg-O systems. Two correlations can be drawn for the basicity of SCS-derived catalysts:

(i) catalysts synthesized at 500 °C showed significantly higher surface basicity in comparison to the catalysts prepared at the lower temperature, and (ii) the use of a stoichiometric amount of urea for the synthesis resulted in catalysts with a higher number of basic centers, than in synthesis with an above-stoichiometric urea ratio. In order to study the Ni 0 crystallite size and its distribution, TEM analysis was performed on the reduced catalysts. The images are presented in Figure 8.9.1-4(a) together with HRTEM 8.9.1-4(b) and the corresponding histograms of the Ni 0 crystallites 8.9.1-4(c).

The particle size was calculated according to the Rice estimator for the bin width [START_REF] Alxneit | Particle Size Distributions from Electron Microscopy Images: Avoiding Pitfalls[END_REF].

Since obtained distribution was very wide, for better understanding of the results, a

Gaussian curve was fitted to the histogram, and the position of its maximum was used as Several planes of Ni 0 were possible to be recognized, based on the measurement of the lattice fringe distance. The presence of highly coordinated Ni [START_REF] Le | Effects of Na content in Na/Ni/SiO2 and Na/Ni/CeO2 catalysts for CO and CO2 methanation[END_REF] was confirmed for all of the SCS-derived catalysts, with a lattice spacing of ca. 2Å. Additionally, Ni [START_REF] Fan | Improved activity of Ni/MgAl2O4 for CO2 methanation by the plasma decomposition[END_REF] was recognized in both catalysts synthesized with an above-stoichiometric amount of urea.

According to the literature, Ni ( 111) is beneficial for CO2 methanation reactionthe higher number of Ni [START_REF] Le | Effects of Na content in Na/Ni/SiO2 and Na/Ni/CeO2 catalysts for CO and CO2 methanation[END_REF] planes results in an improved rate of CO2 dissociation. This behavior favours later conversion of formate species to CO, as well as the greater CO adsorption capacity [START_REF] Shen | Essential role of the support for nickel-based CO2 methanation catalysts[END_REF]. Furthermore, according to HRTEM images, presence of NiAl2O4 spinel was suggested and further confirmed with XPS [START_REF] Fu | Thermal stability and microstructure characterization of MgAl 2O4 nanoparticles synthesized by reverse microemulsion method[END_REF]. The contribution of the nickel-containing species recognized from the Ni 2p3/2 peak is presented in Table 8.6. Both samples obtained at 300 °C showed a similar contribution of NiO and Ni(OH)2 on the surface, however, for SCS_100_300 a larger amount of Ni 0 species was registere (ca. 27%) than for SCS_175_300 (ca. 18%). The catalysts synthesized at 500 °C showed comparable contribution of Ni 0 and Ni(OH)2, but SCS_175_500 showed a larger amount of NiAl2O4 (ca. 20%), and lower amount of NiO (ca. 26%) in comparison to SCS_100_500 (ca. 14% and 35% respectively). Gaussian curves, former with the center at ca. 529.8-529.9 eV and latter at 531.2-531.5 eV. The low energy peak is usually assigned to the bond between oxygen and the bivalent metal cation, in this case the most important, magnesium, confirming the availability of magnesium oxide (periclase) on the surface. The second peak can be related to oxygen bonded to aluminum in the support oxide matrix, and oxygen in O-H groups (from i.e. Ni(OH)2), due to the overlap of both energies [START_REF] Mebrahtu | Deactivation mechanism of hydrotalcite-derived Ni-AlO: X catalysts during low-temperature CO2 methanation via Ni-hydroxide formation and the role of Fe in limiting this effect[END_REF][START_REF] Tian | Superior capability of MgAl2O4 for selenite removal from contaminated groundwater during its reconstruction of layered double hydroxides[END_REF].

The spectrum for Mg 2p region is presented in Fig. 8.10(c). The main peak was deconvoluted into two Gaussian curves. The low-energy peak is more intense for most of the samples, with center at ca. 49.5-49.6 eV is assigned to the binding energy related to MgO. The second peak is located at a higher energy range, with the maximum at ca. 50.4-50.5 eV, may be attributed to magnesium from MgAl2O4 spinel oxide [START_REF] Rahmanivahid | Mechanochemical synthesis of CuO/MgAl2O4 and MgFe2O4 spinels for vanillin production from isoeugenol and vanillyl alcohol[END_REF][START_REF] Mordekovitz | Effect of Structure and Composition of Non-Stoichiometry Magnesium Aluminate Spinel on Water Adsorption[END_REF]. The presence of spinel in the reduced catalysts was previously confirmed by XRD (Fig. 8.7).

Catalytic tests

Fig. 8.11 shows the results of the catalytic tests carried out on the SCS-derived samples. At the lowest test temperature (250 °C) the studied catalysts do not show significant activity -the best performance was registered for SCS_100_500 sample (26% of CO2 conversion). The increase of the reaction temperature to 300 °C lead to an explicit growth of an activity derived from SCS, especially SCS_100_300 and SCS_100_500, which showed CO2 conversions of 83 and 89%, respectively. Both catalysts synthesized with the above-stoichiometric amount of urea resulted in a comparable conversion of 69-72%. At 350 °C SCS_100_500 was the unique catalyst that obtained thermodynamic equilibrium (89%). The remaining SCS catalysts were similarly active (83-85%).

Additionally, above 400 °C the compared samples resulted in the CO2 conversion of thermodynamic equilibrium. Only SCS_100_300 showed a decrease in activity at 450 °C.

In Fig. 8.11 (b), the selectivity toward methane of the tested samples is presented.

During the entire temperature range, all the examined catalysts remained highly selective to CH4 formation. For the majority of time, catalysts reached thermodynamic equilibrium selectivity, with a decrease below 96%. showed activity similar to that from TPSR test at the given temperature, suggesting that the samples were not deactivated at 250 °C with formation of the nickel carbide. After 3 hours on stream, the SCS_100_300 catalyst resulted in an increase in CO2 conversion of ca. 6%, with a parallel increase in selectivity to methane of 1%. After 4 hours on stream, the SCS_100_500 resulted in a slight decrease in CO2 conversion (of ca. 2%). The dispersion of nickel (Ni 0 ) was calculated according to the Eq. 6.14 based on the average nickel crystallite size obtained from TEM. The TOF was calculated from Eq.

6.12 for the CO2 conversion from stability test at 300°C. Both dispersion and TOF values for the SCS-derived series of catalysts are also compared to the results of HT sample in Table 8.7. The Ni dispersion observed for all of the solution combustion synthesis-derived catalysts was in the range of 4.0-4.7%. The catalysts prepared with a stoichiometric amount of urea presented a slightly higher dispersion compared with those prepared at the above-stoichiometric urea conditions. The highest dispersion was observed for the hydrotalcite-based material, which is assigned to its smallest average diameter of Ni 0 crystallites, compared to the other of presented samples. Despite the highest dispersion, the HT catalyst showed the lowest TOF value (5.46 s -1 •10 -2 ). The turnover frequency obtained for the SCS-derived samples was higher, in the range from 7.99 to 9.03 s -1 •10 -2 .

Similarly, in this case, bigger TOF was assigned to the catalyst synthesized with stoichiometric urea content, especially SCS_100_500. This suggest that SCS-derived mixed-oxides showed bigger activity over the sites, than LDHs-derived catalyst.

The physicochemical properties of Ni-Mg-Al mixed-oxide catalysts and their catalytic activity at 300 °C were corelated and compared in Fig. 8.13. Nickel content (ICP) in the studied samples seems to be not be the most influential factor. The most important properties seem to be :

-the specific surface area, -the contribution of Ni 0 on the surface (from XPS), -and foremost the surface basicity of the catalysts.

A strong correlation can be drawn between the content of medium-strength basic centers and the CO2 conversion. Such correlation was already reported elsewhere, emphasizing the importance of medium-strength basic centers on catalytic performance in CO2 methanation [START_REF] Wierzbicki | Novel Ni-La-hydrotalcite derived catalysts for CO2 methanation[END_REF]. The best among the studied catalysts, SCS_100_500, was defined with the biggest contribution of medium-strength basicity, highest nickel content (25.85% according to ICP) and improved specific surface area. Furthermore, the catalysts synthesized with a stoichiometric urea content showed a higher specific surface area, smaller average Ni 0 crystallites, and improved basicity. Similarly, as in the reduced catalysts, all the samples showed three main phases, metallic nickel, periclase and spinel. No amorphous phase-related scattering was observed, suggesting its lack or the content below the detection limits. The reflections assigned to the oxide phases resulted in a strong signal, suggesting improved stabilization of nickel inside the oxide matrix (compared to the XRD of the post run hydrotalcitederived catalysts).

Ni 0 average crystallite size was calculated via the Scherrer equation (Fig. 8.14).

The average Ni 0 crystallite size for all the SCS-derived catalysts is smaller in the postrun material than for the reduced catalysts. Such a observation suggests a strong interaction of nickel with support and resistance of the catalysts toward sintering.

The diffractograms presented in Fig. 8.13 show no reflections typical for crystalline carbon species, suggesting either lack of formation of such a structure on the surface of materials, or its presence in the amount below the detection level. Normally, coke formation is not thermodynamically favored in the studied CO2 methanation due to the continuous gasification of the carbon species formed in the presented temperature range (250-450 °C). 

Conclusions

Solution combustion synthesis is an effective method to synthesize a Ni-Mg-Al mixed oxide catalyst, and it can be applied as an alternative to thermal decomposition of hydrotalcites.

• SCS-derived mixed-oxides resulted in lower specific area and porosity, dominated with significantly smaller pores, however, the surface basicity was reported to be significantly higher, than for the reference thermally decomposed hydrotalcite;

• Both of the studied synthesis parameters, temperature and urea contentdoes have a significant influence on the physicochemical properties of the obtained catalysts; however, the urea content delivered to the combustion mixture seems to be more influential, especially for the further catalytic activity;

• Samples prepared with the above-stoichiometric urea ratio (175%) resulted in a lower number of basic centers, a smaller specific surface area, and a larger size of Ni 0 crystallite, compared to those synthesized with the stoichiometric (100%) urea ratio;

• The synthesis temperature is also of importancespecific surface area detected in catalysts prepared at 500 °C was higher than for those synthesized at 300 °C;

• Simultaneous increase in both parameters (temperature of the combustion and urea content) resulted in formation of NiAl2O4 spinel-type oxide, characterized with lack of catalytic activity in CO2 methanation and reducibility at elevated temperatures (above 900 °C);

• Optimization of solution combustion synthesis conditions allowed for preparation of a remarkably active, selective to methane, and stable Ni-Mg-Al mixed oxide catalyst, with significantly improved catalytic performance compared to the hydrotalcite-derive one;

• The leading advantage is, however, much shorter time of the synthesis, resulting in lower energy consumption, and a lack of wastewater formation.

9.

On the cobalt-promotion of SCS-derived mixed-oxides

Simultanous synthesis of cobalt-promoted mixed oxides

To study the influence of cobalt promotion on such designed material, the sample prepared at 300 °C with above stoichiometric amount of urea (175%) was chosen as a base for the further study, due to its moderate activity at 300 °C , which allowed to observe a potential Co promotion effect. The applied content of cobalt was equivalent to the amount used in the cobalt-promoted series of the hydrotalcite-derived catalyst presented in Chapter 7. The objective of the study was to compare whether, with solution combustion synthesis, it is possible to simultaneously add promoter to an matrix and still obtain the active and selective catalyst with available sites and improved surface properties.

The reaction for the combustion synthesis of the solution assumed for the formation of cobalt oxide from cobalt nitrate and urea is presented in the Eq. 9.1. and reported elsewhere [START_REF] Toniolo | Nanostructured cobalt oxides (Co3O4 and CoO) and metallic Co powders synthesized by the solution combustion method[END_REF].

1 Co(NO3)2•6H2O + 2. 917 NH2CONH2 + 3.918 O2→ 0.33 Co3O4 + 3.917 N2 + 2.917 CO2 + 11.835 H2O Eq. 9.1

Physico-chemical characterization

In Fig. to the periclase-like oxide (ICDD 00-045-0946). On the basis of the obtained profiles, it is not possible to conclude whether cobalt formed a separate oside phase or was included inside the periclase-type matrix. From the diffractogram of the shape of the peaks, it is possible to conclude that the oxide product is characterized by small crystallites. No scattering from the amourphase phase was registered. The similarity in the XRD profile of the cobalt-promoted oxide product from solution combustion synthesis and thermal decomposition of hydrotalcites is clear. The changes in surface properties presented in Table 9.1, corresponded to an increase in the size of the hysteresis loop. An increase in the amount of cobalt introduced to the Ni-Mg-Al mixed oxide matrix led to a visible increase of the specific surface area from 100 m 2 /g (SCSNiCo0.7) to 141 m 2 /g (SCSNiCo5.1). A similar trend was observed for the total pore volume and was related to the mesopore volume. The former parameter increased from 0.079 to 0.103 cm 3 /g for SCSNiCo0.6 and SCSNiCo5.1 correspondingly, while the latter was characterized with a proportional increment from 0.051 to 0.077 cm 3 /g. The average pore diameter was found to be similar for all of the studied catalysts, with a value of ca. 2.9-3.1 nm. Then it is possible to conclude that the addition of cobalt led to the better development of surface properties such as specific surface area and porosity. Considering the study on promoted hydrotalcites from Chapter 7, the observed effect was reverseddoping a Ni-Mg-Al matrix with Cu or Co led, as expected, to the decrease of the specific surface area due to the blockage of pores. In the case of the present SCS-derived cobalt-promoted series, obtained results suggest that cobalt is not present on the surface of the catalyst, which would result in the decrease of porosity, but probably inside the oxide matrix. It suggests that more of the oxygen is present in the matrix and that cobalt does influence the type of oxide matrix. The content of nickel and cobalt in SCS-derived samples is comparable to that recorded for hydrotalcite-derived catalysts. Only the sample with the highest loading of cobalt (SCSNiCo5.1) resulted in ca. 0.8% more of a promoter content, than the LDHs-derived equivalent (HTNiCo4). . The low temperature peak in this case may be attributed to the reduction of nickel oxide, since its presence is also confirmed in the unpromoted catalyst and a similar type of shoulder was presented in the previously discussed in Chapter 8 series of unpromoted samples (i.e. Fig. 8.6). The solution combustion synthesis apparently results in the formation of two coexisting nickel-containing phases: nickel oxide and a periclase-like matrix containing nickel. The confirmation of cobalt presence with H2-TPR is not explicitsome additional promoter effects can be assumed based on the shift in the position of the reduction peaks assigned to nickel-containing species, but no clear shoulders characteristic for the reduction of Co 3+ to Co 2+ (usually at 270 -400 °C) and finally Co 2+ to Co 0 ( 500 -700 °C) are confirmed [START_REF] Olusola | Temperature programme reduction (TPR) studies of cobalt phases in -alumina supported cobalt catalysts[END_REF]. It may be due to the presence of cobalt in the periclase matrix and its coreduction with nickel above 800 ° C, similar to what was reported in Chapter 7.2 for cobalt-promoted hydrotalcite. Only for SCSNiCo5.1 a small shoulder at 472 °C may suggest the presence of limited amount of Co 3+ dissolved in Mg-Al oxide matrix. However, the shift in the Ni-related reduction peak positions is of importance. Initially, with a doping with small cobalt loadings such as 0.7 and 1.3 wt%, the reduction temperature of nickel oxide was registered at relatively higher temperatures (463 -467 °C) suggesting a stronger interaction between Ni centers and matrix. With an increase in Co loading to 2.5 and above 5 wt%, the reducibility of NiO was improved, which is confirmed with the lower peak position to 413 and 355 °C correspondingly. Similar observations were made for the high-temperature peak assigned to the reduction of the periclase-like matrix; a small amount of cobalt doping led to an increase in the reduction temperature while the presence of higher Co content resulted in the lowered position of the high-temperature reduction peak. A similar effect of cobalt promotion was observed for the cobalt-doped hydrotalcite-derived catalyst in Chapter 7.2. The most intense reflections were found for the metallic nickel phase, which originated from the reduction of nickel oxide, and nickel from the periclase-like matrix.

The spinel phase is probably made up of MgAl2O4 ternary oxide, formed under the reduction conditions. It is possible (for further explanation in Chapter 9.2) that a ternary CoAl2O4 oxide would be formed which is catalytically inactive in CO2 methanation.

Reflections assigned to the oxide matrix are significantly less intense than those originating from metallic nickel. The average Ni 0 crystallite size for the studied samples was calculated using Scherrer's formula and presented in Table 9.2. There is no general tendency to draw in case in the change of the crystallite diameter with increase of the cobalt content. The smallest nickel crystallites were registered for the SCSNiCo1.3 (7 nm) catalyst, while SCSNiCo2.5 and SCSNiCo 5.1 resulted in similarly large particles with diameter ca. 14-15 nm. SCSNiCo0.6 showed moderate size of Ni 0 crystalites (ca. 11 nm). and SCSNiCo5.1 catalysts, again proposing an intensified interaction of bidentate carbonates formed on metal-oxygen pairs. The desorption temperature registered for the strong basic sites is, however, comparable for all of the samples. 

Sample

Catalytic tests

In Figure 9.6 (a) The CO2 conversion of the studied series of samples is presented and compared to the activity of the unpromoted SCS_175_300 catalyst, which is the parent sample. At 250 °C all of the studied catalysts showed low activity. The highest CO2 conversion of ca. 23% was registered for SCSNiCo0.7 sample. At 300 °C and above, the most active was the unpromoted, reference catalyst SCS_175_300. Cobalt-promoted samples resulted in lower conversion at both 300 and 350 °C. Additionally, catalysts labeled SCSNiCo0.7, SCSNiCo1.3, and SCSNiCo2.5 resulted in the same CO2 conversion at these temperatures. SCSNiCo5.1 showed negligibly lower activity at 300 °C, compared to the remaining catalysts. At 400 and 450 °C all of the examined samples obtained thermodynamic equilibrium. In Fig. 9.6 (b) selectivity toward methane under the test conditions is presented. The entire series of the studied materials was very stable at the given temperature range, and the values obtained for selectivity to CH4 are similar.

Based on the presented results, no effect of cobalt promotion is visible. The size of the Ni 0 crystallite was calculated based on the Scherrer equation. A significant increase of 10 nm was observed for the average diameter of the nickel particle for SCSNiCo1.3 and SCSNiCo5.1 samples, suggesting severe sintering on those two catalysts. However, the average nickel crystallite size in SCSNiCo0.7 remained unchanged, compared to the reduced sample. SCSNiCo2.5 resulted in 2 nm smaller Ni 0 crystalites after the catalytic tests, in reference to the reduced material. On the basis of those results, no clear correlation between cobalt doping and possible tendency for sintering can be drawn. • It is highly possible that Co was located inside the mixed-oxide support matrix in an inactive state as CoAl2O4, since its presence on the surface was not explicitly registered with any of the applied physicochemichal characteristics methods;

• An increase in an cobalt content led to the increase of the specific surface area, additionally suggesting its presence in the bulk of the catalyst, instead on the surface;

• Cobalt-promoted SCS-derived catalysts resulted in low overall surface basicity, for the majority of samples lower than for the reference SCS_175_300 catalyst. Only the SCSNiCo5.1 sample led to a significant basicity, however dominated by weak basic sites which led to its relatively disappointing performance in the catalytic tests;

• All cobalt-doped catalysts showed lower CO2 conversion, compared to the unpromoted reference sample, suggesting a negative influence of the cobalt presence in the matrix, in an inactive form, probably limiting the access of nickel sites;

• Simultaneous co-combustion of support (Mg-Al), active phase (Ni), and promoter (Co) in an inefficient way for the catalyst synthesis. In this situation, in order to obtain the multielemental catalyst in a one step synthesis much more effective method is co-precipitation of hydrotalcites at constant pH with its later thermal decomposition.

Further study on the improvement of cobalt introduction to the Ni-Mg-Al mixed oxide catalyst obtained by the solution combustion synthesis method is presented in Chapter 9.2.

Optimization of cobalt introduction

In order to optimize cobalt introduction with solution combustion synthesis, three cases were studied and compared. The SCSNiCo1.3 reference sample prepared with simultaneous cocombustion of all the precusors was already discussed in Chapter 9.1. For comparison, two more samples were prepared under the same solusion combustion synthesis parameters: 175% of urea and 300 °C. Both samples were prepared in two combustion steps. All of the studied catalysts were designed to contain ca. 20 wt% of Ni and 1.3 wt% of Co.

Physico-chemical characterization

XRD diffractograms for cobalt-promoted SCS-derived samples prepared via an alternative sequence are presented in Fig. SCSNiCo_double were also comparable, 0.080 and 0.055 cm3 and 0.075 and 0.057 m 3 /g respectively. SCSNiCo_double resulted in slightly bigger total pore volume of 0.092 cm 3 /g and was related to the volume of mesopores of 0.069 cm 3 /g. The average pore diameter assigned to SCSNiCo1.3 and SCSNiC_double is the same, of 3 nm, while SCSCoNi_double showed somewhat increased average pore size of ca. 4.2 nm.

H2-TPR profiles for SCS-derived mixed oxides containing ca. 1.3 wt% of cobalt in the matrix are compared in Fig. 9.10. The results obtained for the samples in which nickel was introduced simultaneously to the oxide matrix with magnesium and alumina showed comparable profiles. Both presented a large peak at the temperature 464 °C and 420 °C for SCSNiCo_double and SCNiCo1.3 respectively. As was previously explained in Chapter 7 and 8, that such peak is related to the reduction of bulk nickel oxide to metallic nickel. Similarly, the wide peak at 831 and 873 °C is typically assigned to the reduction of nickel from the periclase-like matrix. The sample, where cobalt was introduced in the second step, resulted in ca. 40°C lower reduction temperature for both kinds of specimens than the sample prepared with one step combustion. It suggests different cobalt-nickel interactions. In Chapter 7.2 while discussing cobalt-promoted hydrotalcites, we concluded that Co addition facilitates reduction, due to the improved hydrogen uptake.

Similarly, for the sample SCSNiCo_double, where Co is deposited on the surface, the reduction temperature of nickel is lower, due to the improved dissociation of hydrogen on the surface. The reduction profile for the SCSCoNi_double catalyst varies significantly from the others. There are no explicit peaks registered, the profile consists of two wide shoulders, smaller one with maximum at 335 °C and the bigger one with maximum at 601 °C. Such shape of the profile suggest continuous reduction of nickel, in the first stage from a weakly bonded and poorly dispered crystallites to well dispersed species with strong metal-support interaction, maybe partially extracted from periclase-like matrix. In this case, co-reduction of cobalt is possible over the entire temperature range. Elemental analysis of the studied catalysts is compared in Table 9.5. The amount of cobalt introduced to the materials is comparable, in the range from 1.24 wt% for SCSNiCo_double to 1.56 wt% for SCSCoNi_double. On the other hand, content of other elements vary significantly, especially between SCSCoNi_double and two other catalysts. For the synthesis of all studies in the present chapter samples, the same (±0.05g) amounts of precursors were used. The registered changes in the mass contribution of each element to the overall oxide matrix may be related to the actual type of oxide products formed during the combustion synthesis. In Chapter 8.1 an assumption was made: each of the elements formed are the most stable oxides as follows Ni -NiO, Mg -MgO, and Al -Al2O3. Possible cross-interactions between metals and corresponding oxides were not included because of the lack of necessary knowledge on the possible formation of side products. The present study is fully experimental and was performed to study the influence of different synthesis configurations on the catalytic performance of the obtained materials, rather than precise synthesis of the desired oxide structure. Additionally, in the highest 2θ range, Co phase (ICDD 00-001-1259) was possible to be separated from nickel. The main three reflections are positioned at 2θ angles characteristic mainly for nickel (9.50 deg [START_REF] Le | Effects of Na content in Na/Ni/SiO2 and Na/Ni/CeO2 catalysts for CO and CO2 methanation[END_REF], 15.41 deg [START_REF] Varma | Solution Combustion Synthesis of Nanoscale Materials[END_REF], and 18.17 deg [START_REF] Tian | Superior capability of MgAl2O4 for selenite removal from contaminated groundwater during its reconstruction of layered double hydroxides[END_REF]). However, peaks at higher values assigned to cobalt appeared in the diffractogram (24.08 (331), 24.39 (420). 28.35). Small cobalt-related peaks were registered in all samples, but for SCSNiCo_double their intensity was higher than for other catalysts.

The CO2-TPD profiles for the studied in the present chapter series of cobalt-promoted SCS-derived mixed oxides are shown in Fig. 9.12. Profiles were deconvoluted in three Gaussian curves, representing desorpion region of weak basic sites (temperature range 118-145 °C), medium strength (199-268 °C), and strong basic sites (340-436 °C). It is visible that, based on the position of cobalt in the matrix, the strength of each type of sites is different. Significantly higher desorption temperatures for all types of basic centers were registered for the SCSNiCo_double catalyst, where Co was introduced as a single phase on the surface. The SCSCoNi_double sample showed moderate desorption temperatures for medium-strength and the strong basic sites, and lowest position of the desorption curve for weak basic centers.

Such an effect suggests that availability of cobalt does increase the strength of the interaction between CO2 on metal-oxygen pairs and low-coordination oxygen anions. The distribution of the registered basic sites is presented in Table 9.6. The total number of basic centers detected in SCSNiCo_double and SCSCoNi_double samples is similar, ca. twice higher than for the catalyst prepared in a one-step combustion. Catalysts synthesized in two steps vary, however, in dominating type of basicity. The SCSCoNi_double sample, to which cobalt was introduced to the Mg-Al oxide support resulted in very high contribution of medium-strenght basic sitesca. 95 μmol/g which constituted ca. 57% of the overall share. It also resulted in a big content of strong basic sites (ca. 51 μmol/g) and a limited amount of weak centers (ca. 20 μmol/g). In contrast, the SCSNiCo_double catalyst, where the Ni-Mg-Al oxide matrix was synthesized in one combustion step and Co was deposited on the surface, was dominated by strong basic sites (ca. 74 μmol/g). This is probably due to the better availability of cobalt on the surface. The medium and weak basic centers resulted in similar values, 30 and 26 % respectively. The transmission electron microscopy was performed to study the morphology of nickel on the surface of the studied catalysts and to analyze the distribution of metal particles. In Fig. Additionally, considering the observed wide distribution of the nickel crystallites, a

Gaussian curve was added to the histograms, and its maximum was utilized as an average

Ni 0 crystallite diameter. The SCSCoNi_double catalyst showed the widest particle diameter distribution, from ca. 5 to 200 nm, with an average value of ca. 30 nm, which is with crystallites smaller than 50 nm. The average diameter was reported to be ca. 27 nm, which is the catalysts smallest value among the presented in this subchapter.

The average Ni 0 crystallite size calculated via Scherrer equation for the presented samples is significantly smaller than the actual, confirmed with TEM. It could be assigned to two main factors (i) The value obtained from XRD is averaged for all the Ni 0 crystallites present inside the studied sample and may vary from the TEM results; (ii) nickel crystallites were covered with a layer of nickel and cobalt oxides, resulting in the signal at different 2θ angles than metallic Ni 0 , which led to the information on the decrease in crystallite size.

HRTEM images (Fig. 9.13. 3 (a)-(c)) show recognized lattice fringe (with its value given in Å). A variety of Ni-containing surface species can be recognized. However, the dominant species is metallic Ni with (020) plane. For SCSCoNi_double catalyst, species with lattice fringe of 2.44-2.45Å were observed at the edge of the crystallites. Usually, this d-spacing can beassigned to the spinel oxide NiAl2O4 or CoAl2O4 (2.44 Å for [START_REF] Tian | Superior capability of MgAl2O4 for selenite removal from contaminated groundwater during its reconstruction of layered double hydroxides[END_REF] plane). The formation of nickel (II) oxide on the surface of Ni 0 crystallites was expected as a result of oxidation during exposure of the samples to the atmospheric air, however, in this case d-spacing of NiO ( 111) is expected to be 2.41 Å and for Ni(OH)2 (012) 2.60 Å. In the region close to the edge of crystallite, two more specimens were recognized, the one with d-spacing of 2.08 and 2.12 Å. In this case, the former can be assigned to the NiO [START_REF] Fan | Improved activity of Ni/MgAl2O4 for CO2 methanation by the plasma decomposition[END_REF] plane and the latter to CoO [START_REF] Fan | Improved activity of Ni/MgAl2O4 for CO2 methanation by the plasma decomposition[END_REF] plane. The lattice fringe of 2.17 Å matches with the (100) plane of Co-Ni alloy [START_REF] López-Tinoco | The preparation and characterization of co-ni nanoparticles and the testing of a heterogenized coni/alumina catalyst for co hydrogenation[END_REF]. Lowest registered fringe of 1.75 can be assigned to the Ni (020) plane.

Similar lattice fringe parameters are observed in the SCSNiCo1.3 catalyst. In fact, the value of 2.17 Å corresponding to the Ni-Co alloy, 2.08 and 2.1 Å to NiO/Ni(OH)2 formed registered distribution of magnesium in the support phase is uniform, and aluminium seems to occur more intensely in some spots, suggesting formation of spinel-type oxides there. 

Catalytic tests

The results of TPSR catalytic tests performed on SCS-derived samples promoted with ca. 1.3 wt% of cobalt are compared in Fig. 9.15. At the initial test temperature (250 °C), the samples do not show significant CO2 conversion. However, the SCSNiCo_double catalyst showed ca. 10% better activity (23%) than the remaining materials. A significant increase in CO2 conversion is registered at 300 °C for all of the catalysts presented. The most active catalyst (SCSNiCo_double) led to 88% of CO2 conversion, followed by SCSCoNi_double (83%) and SCSNiCo1.3 (72%). At 350 °C the studied catalysts resulted in similar activity, from 84% (SCSNiCo1.3), to 90% (SCSNiCo_double). At and above 400 °C all the samples reached equilibrium CO2 conversion.

The stability test of the studied samples is presented in Fig. 9.15 (b). At the lowest test temperature (250 °C) samples did not result in total selectivity to methane, mainly due to their low activity under these conditions. From 300 °C, SCSNiCo_double catalyst, considered likewise as the most active among the studied series, obtained selectivity towards methane of thermodynamic equilibrium. Two other catalysts, SCSNiCo1.3 and SCSCoNi_double, were also very selective to CH4, although their performance was slightly (ca. 1-2%) worse than for the latter catalyst. The 26 hours stability test was performed at 300 °C on the best catalyst (SCSNiCo_double). The obtained CO2 conversion during the entire time on stream remained constant, of 88%, as in the TPSR test. The selectivity to methane corresponding to the thermodynamic equilibrium (>99%) was found to be constant for the first 16 hours on the stream. After that time, some negligible fluctuations (ca. 1-1.5%) were registered.

However, the overall test suggests very high stability of both parameters. 

A GHSV study

In order to study the influence of different gas hourly space velocities (GHSV) on the catalytic performance, additional tests with GHSV of 24,000 h -1 and 48,000 h -1 were carried out on the SCSNiCo_double catalyst. These latter results are reported in Fig. 9.17.

The catalytic activity at 250 °C at GHSV of 24,000 h -1 is significantly higher (CO2 conversion of 60%) than at 12,000 and 48,000 h -1 (22 and 0% respectively). Such improvement may be the result of smaller mass transfer limitations of the gases diffusing through the catalytic bed, because of its significantly smaller size. However, at the highest of studied GHSV, the bed might have been to small (0.125 cm 3 ) to provide enough contact time between the reactants and the catalyst, which resulted in the lower catalytic activity. From 300 °C to 500°C, the catalytic performance of SCSNiCo_double at GHSV of 12,000 and 24,000 h -1 is comparable. At GHSV of 48,000 h -1 , the activity of the catalyst is still satisfactory, reaching 72% of the CO2 conversion at 300 °C, an increase of 79 and 80% at 350 and 400 °C, respectively. Only at 450 °C the catalyst reached the thermodynamic equilibrium CO2 conversion at the GSV of 48,000 h -1 .

The selectivity towards methane for the tests at 12,000 and 24,000 h -1 was very similar from 300 to 450 °C, reaching the thermodynamic equilibrium. At 250 °C, theresults vary.

This can be explained by the low activity at this temperature, except for the test at 24,000

h -1 .
Finally, during the test at 48,000 h -1 the obtained selectivity is also very high and equal to 98% at the temperature from 300 to 400 °C, later decreasing to 96% due to the thermodynamic limitations.

Post-run characterisations

XRD analysis was performed on the post-run samples to study changes in the composition of the crystalline phase. The Diffractograms are presented in Fig. 9.18. The same six phases as in the case of reduced catalysts were possible to recognize, such as three spinel-type phases MgAl2O4 (ICDD 01-070-5187), NiAl2O4 (ICDD 00-010-0339)

and CoAl2O4 (ICDD 00-038-0814), additionally periclase (ICDD 00-045-0946), and two metallic phases of nickel (ICDD 03-065-0380) and cobalt (ICDD 00-001-1259). The intensity of the signal originating from all species is reduced after test, according to the diffractograms. The most intense among the registered phases is clearly a metallic nickel.

This phenomenon has already reported elsewhere [START_REF] Herzog | Advanced Post-Combustion CO 2 Capture[END_REF], and may be related to the weak stabilization of nickel inside the Mg-Al oxide matrix, leading to their migration and sintering [START_REF]The future of coal[END_REF].

The scattering assigned to the presence of an amorphous phase was not registered on the diffractograms, similarly to the reflections originating from the possible formation of crystalline carbon deposits. Considering the resolution and sensitivity of the recorded XRD, the formation of the latter species can be omitted because of their presence in negligible amount or absence.

The average Ni 0 crystallite diameter calculated via Scherrer equation is presented in Fig. 9.18. All the samples studied showed at least minimal increase of the average diameter of nickel particles (samples prepared at two steps of synthesis). The SCSNiCo1.3 sample was characterized with a significant increase in Ni 0 crystallite size. These results suggest that SCS-derived catalyst promoted with cobalt may be prone to sintering. The H2-TPR profiles for gray and white cenospheres are compared in Fig. 10.2. It can be seen that white cenospheres showed no shoulders in relation to the reduction of any type of species. This indicates that in the temperature of the TPR test; 100-950 °C, white cenospheres are extremely stable and no single phase undergoes reduction in hydrogen.

On the other hand, gray cenospheres resulted in a significant amount of the reduced species, compared to the former one. The first reduction peak appears ca. 450 °C and can be assigned to the reduction of Fe 3+ from iron oxide (III) to Fe 2+ . The reduction of the species is continued above that temperature, giving a wide, asymmetric shoulder with maximum at ca. 630 °C, suggesting a reduction of Fe 2+ to Fe 0 [START_REF] Mosallanejad | On the Chemistry of Iron Oxide Supported on γ-Alumina and Silica Catalysts[END_REF]. Later, the last reduction step was registered at ca. 800 °C as a narrow and large peak with a hightemperature shoulder, suggesting that the reduction of iron was dispersed in the matrix of cenospheres. It was reported elsewhere that the reduction of iron species from SiO2 is shifted to higher temperatures, in comparison to the Al2O3 support. This may explain such a wide range of registered reduction temperatures [START_REF] Mosallanejad | On the Chemistry of Iron Oxide Supported on γ-Alumina and Silica Catalysts[END_REF]. Low-temperature N2 sorption was performed for the bare white and gray cenospheres, however it was not possible to draw an adsorption-desorption isotherm. This indicates that the specific surface area is below the detection limit, smaller than 1m 2 /g. Unprocessed cenospheres have already been reported elsewhere that they do not have any developed surface, but also lack porosity and finally that their SBET is in the range from 0.1 to 1.1 m 2 /g [START_REF] Wypych | Fillers -Origin, Chemical Composition, Properties, and Morphology[END_REF].

Similar results were obtained after CO2-TPD on the bare cenospheres. Neither white nor gray did not present any surface basicity, so the obtained desorption profiles were impossible to deconvolute. This signifies the lack of the surface basic sites or their minimal presence below the detection limit of the CO2-TPD method. The surface of unmodified cenospheres is rather plain and smooth, with some visible inclusion of a uniform shape. On considering the images at high magnification, important changes are likewise registered in the nanoscale of the surface. The unmodified cenospheres presented a rather smooth and underdeveloped surface, with no significant porosity or texture. On the contrary, the perforated cenospheres showed a more rich texture with a visible erosion of the external layer. Strong scattering from the amorphous glass-like phase characteristic for cenopsheres was registered. Sharp and narrow reflections assigned to the mullite phase suggest welldefined crystallites of this species, covered with a rather nanocrystalline and welldispersed layer of Ni-Mg-Al mixed oxides.

Catalytic performance in CO2 methanation

H2-TPR profiles for cenosphere-based catalysts are presented in Fig. 10.6. Similarity is visible in unmodified and perforated cenospheres. CS(P)_SCSNi20 resulted in two major peaks, one at 430 °C for unmodified cenospheres (445 °C for perforated one), and 778 °C (749 °C for perforated one). Among those peaks, the narrow one, located in a lower temperature range, is assigned to the reduction of Ni 2+ to Ni 0 from nickel oxide. The second peak, wide and placed in the high temperature range, corresponds to the reduction of Ni 2+ to Ni 0 from the periclase-like oxide matrix. The reduction temperature of this latter phase for the perforated cenospheres-based catalyst was ca. 30 °C lower than the one obtained on the unmodified cenosphere-based one. This may be attributed to the later thinner of this type of oxide-phase on the surface, because of its expected presence both on the outside and inside the sphere.

Furthermore, on the catalysts labeled as CS_Ni20 and CSP_Ni20, only nickel oxide was deposited. Samples resulted in only low-temperature peaks. The one supported on unmodified cenospheres showed a very short peak at 227 °C, followed by a large and explicit one with maximum at 373 °C. The first can be assigned to the reduction of weakly bonded, isolated surface NiO particles, while the second one corresponds to the reduction of the main nickel oxide phase, characterized with larger particles or agglomerates. A similar plot was observed for CSP_Ni20 sample, which resulted in a very small peak at 237 °C, and a second large peak with two maxima at 316 and 378 °C. Since perforated cenospheres are expected to present a layer of active phase on both the outise and inside surface, the first part of this peak (316 °C) may be related to the reduction of nickel from the external layer of deposited phase, while the second peak (378 °C) probably originated from reduction of nickel from the internal oxide later, and availability was limited due to diffusion limitation to the center of the cenosphere.

A similar shape of profile, with two main regions of nickel reduction, was found for CS(P)_MgAl_Ni20 catalysts, similarly to CS(P)_SCSNi20. For the unmodified cenosphere-based sample, the low temperature peak corresponding to the reduction of nickel from nickel oxide is placed at 358 °C, and the high temperature peak attributed to reduction of Ni 2+ from the periclase-like matrix has its maximum at 749 °C. However, it is visible that the reduction of this kind of species starts at a lower temperature (ca. 600 °C) and is continuously increasing throughout the measurement.

For the CSP_MgAl_Ni20 catalyst, a low-temperature peak showed two maxima, a more intense one at 311 °C probably resulting from reduction of the thin layer of NiO available at the surface. The second peak at 378 °C may indicate the reduction of NiO deposited within the cenospheres. Finally, a high-temperature peak is located at ca. 735 °C. This one is characterized with the non-symmetrical shape, where the shoulder before the maximum is linearly increasing with an increase of the temperature. This suggests a continuous reduction of nickel from periclase-type oxide Pairs of catalysts CS_SCSNi20 -CSP_SCSNi20 and CS_Ni20 -CSPNi20 among which those labeled as CSP are deposited in the perforated cenopsheres, showed very similar shapes of N2 sorption isotherms, suggesting a small number of pores. The catalysts characterized with an additional oxide layer, CS_MgAl_Ni20 and CSP_MgAl_Ni20, showed an increase in the size of the hysteresis loop, when compared to the former samples, suggesting a larger number of pores and a wider distribution for the catalyst deposited on modified cenospheres.

The porous properties and specific surface area of the cenospheres-based catalysts are presented in Table 10.3. It can be seen that specific surface areas of samples deposited on perforated cenospheres are greater than thoes of the corresponding catalysts based on the unmodified cenospheres. The lowest SBET was recognized for the CS_Ni20 and CSP_Ni20 samples, where only nickel oxide was deposited as the coating, 12.3 and 22 m 2 /g respectively. In this case, the influence of the perforation of cenospheres on the increase in the specific surface area was the most significant among studied series of catalysts. Catalysts CS_SCSNi20 and CSP_SCSNi20 containing both nickel and Mg-Al mixed oxides in the deposited active layer were characterized with higher SBET (25.4 m 2 /g), than studied catalysts containing only nickel, (19.8 m 2 /g). The highest specific surface was reported for the catalysts CS_MgAl_Ni20 and CSP_MgAl_Ni20 in which in the deposition of Mg-Al oxide layer was followed with deposition of nickel oxide. Such a synthesis pathway allows the development of the specific surface area originating from Mg-Al oxides. The SBET for these catalysts was found to be 53.6 and 64.1 m 2 /g respectively. The total pore volume was also higher for the samples based on the perforated cenopsheres. The average pore volume recognized for each pair of catalysts is the same: CS(P)_Ni20 showed the biggest pore size of ca. 10 nm, CS(P)_SCSNi moderate size of ca. 8 nm, and CS(P)_MgAl_Ni20 is the smallest of ca. 3 nm. The CO2-TPD profiles of cenosphere-based catalysts are reported in Fig. 10.8. It was almost impossible to deconvolute the obtained results of the CS(P)_SCSNi20 and CS(P)_Ni20 samples into the Gaussian curves due to the weak signal suggesting presence of basic sites below the detection limits of this method.

However, the profiles for CS(P)_MgAl_Ni20 were deconvoluted into three Gaussian curves, since those samples resulted in an increased amount of basic centers due to the biggest content of the deposited active phase. maxima for weak basic sites were registered at 136 °C for CSP_MgAl_Ni20 and 154 °C for CS_MgAl_Ni20, for medium-strength at 216 and 256 °C, and for strong basic sites at 368 and 396 °C. All types of basic centers showed higher desorption temperatures for unmodified cenospheres-based samples.

Similarly to the results from H2-TPR, it may be assigned to the thickness of the active phaseperforation of cenospheres allowed for deposition of mixed oxides likewise inside the sphere, allowing for formation of thinner layer with better availability of basic sites.

Peaks reported on CS_MgAl_Ni20 catalysts are located at relatively high temperatures, above the usual range for such types of Ni-Mg-Al oxide materials. Also, the CSP_MgAl_Ni20 catalyst showed desorption maxima at expected range, similar to the unpromoted catalysts discussed in the previous chapters. Even if the presence of Mg(Al)Ox oxides on the cenospheres is expected (in CS(P)_SCSNi20 and CS(P)_MgAl_Ni20) a periclase-like or spinel-like phase was not found with XRD. It may be explained probably with not strong enough signal from the mentioned phases, in comparison to very intense peaks of nickel and mullite. The average size of the nickel crystallites was calculated using Scherrer equation and compared in Table 10.4. The crystallite diameter of Ni 0 in samples CS(P)_SCSNi20 and CS(P)_MgAl_Ni20 was very similar, ca. 7-8 nm, independently of the modification of cenospheres. This suggests that the presence of Mg-Al mixed oxides allows for the formation of small, well-dispersed nickel crystallites on the surface of the catalysts. On the contrary, catalysts in which only nickel was deposited as an ative phase resulted in very big Ni 0 crystallites of 40 nm for CS_Ni20 and 29 nm for CSP_Ni20. This may be a result of:

(i) lack of a well-developed specific surface area of bare cenospheres, which naturally led to the formation of big crystallites and poor dispersion, (ii) the weak metal-support interaction allows for easy agglomeration of the formed crystallites during the reduction. In Fig. 10.10, SEM images of cenospheres-based samples are presented to investigate the morphology of the reduced catalyst. In Fig. 10.10 (1a and 1b), images at low maginifcation of a population of cenospheres are compared. It is visible that modified cenospheres can be characterized with a presence of perforation. Additionally, in comparison to unmodified cenospheres, the distribution of active phase seems to be more uniform over a single grain, with less number of areas of thick, peel-like layer. In Fig. 10.10 (2a and 2b), at higher maginifaction, it is more clear that the active phase is deposited rather randomly in the unmodified cenospheres. In the image of the perforated cenosphere (Fig 10 .10.(2b)) , it is visible that the surface inside the cenosphere is likewise covered with an active phase. Fig. 10.10 (3a and 3b) shows HRSEM images of the surface of active phase deposited on cenospehres. There is significant resemblance between the surface morphology and nickel distribution in both of the samples. The perforation has an influence mainly on the microscale properties of the cenospheres-based catalysts, rather than their nanoscale structure.

Catalytic performance in CO2 methanation

The results of the CO2 methanation catalytic tests performed as a function of temperature on unmodified cenosphere-based catalysts are compared in Fig. 10.11. CS_Ni20 sample did not show any catalytic activity throughout the entire test. CS_SCSNi20 and CS_MgAl_Ni20 samples were inactive at 250 and 300 °C, to show CO2 conversion of ca.

27-28% at 350 °C. The former catalyst resulted in the same activity at 400 °C, with a later increase to ca. 43% of CO2 conversion at 450 °C. CS_MgAl_Ni20 obtained conversion of 60% at 400 °C and 68% at 450 °C, which was the best catalytic performance among the catalysts based on the unmodified cenospheres.

The selectivity toward methane formation for this series of catalysts was also found to be not satisfactory and was related to low catalytic activity. Since CS_Ni20 sample did not show any CO2 conversion, its selectivity to CH4 remained close to 0, similarly to the CS_MgAl_Ni20 and CS_SCSNi20 at and below 300 °C. At 350 and 400 °C the latter sample resulted in 46% selectivity to methane, favouring mainly the formation of CO, while CS_MgAl_Ni20 was more selective, with 83% of CH4 formation at lower temperature and 89% at higher temperature. At 450 °C CS_SCSNi20 showed selectivity to methane of 57% and CS_MgAl_Ni20 of 90%. The selectivity toward methane formation is illustrated in Fig. 10.12 (b).

CSP_MgAl_Ni20 resulted in an equilibrium selectivity at and above 300 °C. The remaining catalyst showed formation of methane at 350 °C and its increase at higher temperatures. CSP_Ni20 showed lower selectivity, dominated first by carbon monoxide, than CSP_SCSNi20, which was prone to CH4 formation.

For better overwiev, the results of the catalytic tests for both series of cenosphres-based samples were presented in Table 10.5. Samples based on perforated cenosperes show improved CO2 conversion and selectivity to methane. It may be attributed to the better development of the surface in the modified samples and enhanced availability of the active sites. The CS(P)_SCSNi20 catalysts resulted in better activity compared to the CS(P)_Ni20 catalyst, despite the significant difference in nickel content. The improvement of the performance of the former may be attributed to the presence of both magnesium and aluminium oxides, which can be a source of acid/basic centers on the surface, facilitating then the adsorption and interaction of the reactants. The results of a stability tests carried out at 300 °C are compared in Fig. 

Post-run characterization

XRD diffractograms for the post-run catalysts are compared in the Fig. 10.14. For a better overview, the background was removed for plotting the results. Scattering characteristic for amorphous phase was similar as in case of the so-combusted catalysts. The two crystalline phases were indentified, similarly to the reduced catalysts, such as aluminum silicate (mullit) (ICDD 01-073-1389) being the main crystalline phase from cenospheres, and metallic nickel (ICDD 03-065-0380). In all the studied samples, the intensity of mullite-related signal is comparable, however, the Ni 0 peaks show significantly different size. The most intense nickel reflections were recognized at CS(P)_Ni20 catalysts, which contained ca. 20 wt% of nickel. Such shape suggest big size of crystallites which was confirmed with calculation of a crystallite size via Scherrer's formula. Avergae Ni 0 crystallite on CS_MgAl_Ni20 was found to be ca. 37 nm, while for CS(P)_MgAl_Ni20 it was 26 nm. In both cases, the Ni 0 crystallite diameter after the reaction is ca. 3 nm smaller than for the reduced catalysts. CS(P)_MgAl_Ni20 contained similar content of nickel to CS(P)_Ni20 however the detected crystallites were of ca. 6-7 nm which is significantly smaller size, confirming the necessity of introduction of Mg-Al oxides to the surface.

XRD does not suggest any formation of crystalline carbon on the surface, in an amount possible for its detection with the applied technique. 

Conclusions

• Unmodified cenospheres are not the most fortunate support for the CO2 methanation catalyst, due to their lack of developed surface and acid/basic centers;

• Modification of cenospheres with perforation leads to the development of surface structure and allows for the availability of an internal surface of the sphere;

• The catalyst supported on cenopsheres requires introduction of additional oxide centers (MgO, Al2O3 etc.) to provide basicity to the surface, improve surface properties, and facilitate adsorption of the reacting gases;

• The presence of Mg-Al oxide later stabilizes nickel crystallites on the surface and prevents their sintering;

• The best among studied samples contained 20 wt% of Mg-Al mixed oxides and 20 wt% of nickel, both deposited with solution combustion synthesissuch catalysts resulted 88% CO2 conversion at 300 °C together with total selectivity to methane.

Future perspective: on the open-cell foams (OCF's) -based catalyst

In some sustainable applications, open-cell foam as a structured catalyst is considered to be an interesting alternative for monolith [START_REF] Italiano | Ceramic monolithand foam-structured catalysts via in-situ combustion deposition for energetic applications[END_REF]. In fact, because of the chaotic, random configuration of the pores, both the axial and radial dispersion of heat and mass is favored.

The distributions of temperature and reactants are better, leading to faster kinetics and eventually higher catalytic activity [START_REF] Palma | Comparative study between aluminum monolith and foam as carriers for the intensification of the CO water gas shift process[END_REF].

Physico-chemical charateristic

Two analogical series of catalysts were prepared, based on zirconia open-cell foams purchased from Lanik s.r.o. One series was deposited on foam with 30 ppi, the second one product with 45 ppi. The studied samples are listed in Table 11.1, with their corresponding amounts of the support phase (Mg-Al mixed oxide) and active phase (NiO) after desposition. The tabularized nickel content is presented as the expected amount of metallic nickel in the catalyst, after reduction, considering the mass of the entire foam. In this chapter, two types of Mg-Al layer thicknesses were compared, of ca. 100 mg and ca.

150 mg. Additionally, two concentrations of nickel were applied, expected to be ca. 10 wt% and ca. 15 wt%, but eventually resulted in ca. 9 wt% and 12-13 wt%. to the limitations of the apparatus. Therefore, the specific surface area of the bare foam is considered to be less than 1 cm 3 /g. The 15_150_45 catalyst was considered as a representative to perform the textural study on the foams covered with active phase. The obtained adsorption-desorption isotherm was classified as IV type according to IUPAC. This is confirmed by the registered small hysteresis loop, confirming the presence of mesopores. However, the shape of the adsorption curve itself resemble more type II more, typical for macroporous materials [START_REF] Donohue | Classification of Gibbs adsorption isotherms[END_REF]. The specific surface area was ca. 14 m 2 /g.The Samples deposited in 30 ppi OCF's resulted in reduction peaks at higher temperatures than the corresponsding materials prepared with 45 ppi OCFs. It may be related to the smaller external surface of 30 ppi foams, in comparison to those with 45 ppi which resulted in deposition of the same mass of an active phase but with different thickness, depending on the porosity.

It is observed that reduction of Ni 2+ to Ni 0 can take place in two or three steps. For catalysts 15_150_30, 10_150_30, 15_150_45 and 15_100_45 two subsequent steps were registered, where the first one may be assigned to the reduction of NiO agglomerates characterized with weaker interaction with the support, while the second one may correspond to the reduction of isolated nickel oxide crystallites, with strong interaction with the support [START_REF] Li | Temperature-programmed-reduction studies of nickel oxide/alumina catalysts: effects of the preparation method[END_REF]. In the case of the 15_100_30 sample, three-step reduction were registered, where second and third step can be explained as for the former samples.

However, the first, corresponding to the low-temperature shoulder peak with maximum at 356 o C may be linked with the reduction of weakly bonded NiO crystallites. For the sample denoted 10_150_45 a small peak with reduction temperature maximum at 307 °C was registered. This later peak can be assigned to the reduction of well-dispersed and weakly bonded nickel oxide, and was followed by a large peak centered at 418 °C, typical for the reduction of bulk NiO [START_REF] Li | Temperature-programmed-reduction studies of nickel oxide/alumina catalysts: effects of the preparation method[END_REF]. The presence of Ni 0 was confirmed with the three sharp reflections located at 2θ of 44.3 deg [START_REF] Le | Effects of Na content in Na/Ni/SiO2 and Na/Ni/CeO2 catalysts for CO and CO2 methanation[END_REF], 51.7 deg [START_REF] Fan | Improved activity of Ni/MgAl2O4 for CO2 methanation by the plasma decomposition[END_REF], 76.1 deg [START_REF] Varma | Solution Combustion Synthesis of Nanoscale Materials[END_REF]. The average size of the nickel crystallites was calculated using Scherrer's formula and is presented in Table 11.2. The average Ni 0 crystallite size is similar for all samples, in the range 7-11 nm. In comparison to the SCSderived powder catalysts discussed in Chapter 8, the obtained crystallite size are remarkably smaller. This may be explained with the significantly lower reduction temperature (500 °C). The contribution of each type of basic sites is reported in Table 11.2. It is visible that the studied catalysts did not show a large number of basic sites per unit of mass. In general, a higher number of basic sites was registered for samples based on OCF's with porosity of 45 ppi. Catalyst 15_100_30 showed the lowest number of basic sites, probably due to the low loading of Mg-Al mixed-oxide phase and smaller surface (due to the use of 30 ppi foam). The 15_150_30 and 15_100_45 samples showed a similar contribution of each type of basic centers on the surface. Furthermore, the 10_150_45 catalyst was dominated by strong basic sites. It is worth to note that in this sample, the Mg-Al mixed-oxide layer showed bigger availability as a result of both its larger amount deposited, higher surface area of the foam and lower loading of nickel. A similar effect was observed in the 10_150_30 sample, which additionally showed a relatively large content of weak basic sites. Finally, the 15_150_45 catalyst was dominated with medium-strength and weak basic centers. Furthermore, images taken at high magnification show the differences between the active phase formed on the surface of foam with 30 and 45 ppi. It is visible that the washcoat on 30 ppi open-cell foam is more uniform and less dense than that on the 45 ppi foam.

Catalytic tests in methanation

The results of the CO2 methanation tests performed on the series of catalysts deposited on foams with 30 ppi are compared in Fig. 11.8. At 250 °C none of the catalysts showed CO2 conversion. At 300 °C, the lowest conversion of 33% was obtained on the 15_100_30 catalyst, while the highest conversion was 49% on 15_150_45. The activity of 10_150_45 was similar to the latter. For temperatures higher than 350 °C, all catalysts reached CO2 conversion close to thermodynamic equilibrium values.

It should be noted that the initial test temperature (250 °C) did not show any methane formation due to their lack of CO2 conversion. Such a low activity at 250 °C could be related to kinetic limitations.

The selectivity to methane of the catalysts at 300 °C was very high (ca. 98%) for all the studied samples. At 350 °C, all catalysts reached thermodynamic equilibrium in the case of selectivity towards methane and kept the maximum level of methane formation. On All post run catalysts based on 45 ppi foam similar size of nickel particles, of ca. 9-10 nm were found. Thus, only a slight increase in particle size is observed compared to the reduced samples. Similar conclusions can be drawn for the 15_100_30 and 10_150_30 samples. The unique catalyst that showed a certain increase in the size of nickel crystallites was 15_150_30 (from 9 nm on the reduced catalyst to 15 nm on the post-run), which suggests in such case the sintering of Ni 0 . 

Mass transfer limitations modeling on the studied samples

Hydrogenation of CO2 to methane is a kinetic limited reaction, occurring only at the interface between the reactants and the catalyst. High specific surface area accompanied with the optimum content of available basic sites is of importance; however, an increase in the thickness of the deposited coating may lead to the internal mass transfer rate higher than that of the reaction. To enhance transport limitations, the thickness of the deposited active phase should be optimized. The deposition of a thick coating influences the geometrical properties of the synthesized foam-based open-cell catalyst [START_REF] Ashraf | Analysis of Ru/La-Al2O3 catalyst loading on alumina monoliths and controlling regimes in methane steam reforming[END_REF].

The open-cell foam is expected to operate under a laminar flow, with Reynolds number below 400. In such a case, carbon dioxide mass transfer in the gas phase is dependant foremost on the molecular diffusion.

During the reaction of CO2 methanation, the feed gas mixture flows through the cells and pores of the foam, while reactants are expected to diffuse to the surface of the catalyst from the majority of the feed gases. Such transport should be faster than the surface reaction to avoid formation of a concentration gradient between the bulk gases and the surface of the catalyst. In such a case, the distribution of reactants within the open-cell foam will not be uniform, which can result in the deacrease in CO2 conversion and overall catalytic activity. Mass transfer between bulk gases and the coating of the foam may be improved by reducing the hydraulic diameter or improving molecular diffusion [START_REF] Italiano | Rh/CeO2 thin catalytic layer deposition on alumina foams: Catalytic performance and controlling regimes in biogas reforming processes[END_REF].

The advantage of structured catalysts such as open-cell foams, over the conventional pulverized catalysts is an improved mass and heat transfer, accompanied by a lower pressure drop [START_REF] Patcas | CO oxidation over structured carriers: A comparison of ceramic foams, honeycombs and beads[END_REF]. Limitations in mass transfer are suggested with the results of catalytic tests performed on OCF's based catalyst presented in Subchapter 11.2. 30 ppi foam-based catalysts showed significantly lower activity in the CO2 methanation process at 300 °C than those 45 ppi foam-based, even if the amount of active phase was analogous.

The mass transfer inside the catalyst was analyzed with the dimensionless numbers and the characteristic time analysis according to the work of Italiano et al. [START_REF] Italiano | Rh/CeO2 thin catalytic layer deposition on alumina foams: Catalytic performance and controlling regimes in biogas reforming processes[END_REF][START_REF] Buciuman | Ceramic foam monoliths as catalyst carriers. 1. Adjustment and description of the morphology[END_REF]. 

Conclusions

The open-cell foam-based catalyst for CO2 methanation is an interesting alternative to the pulverized one, however the synthesized materials require further optimization:

General conclusions

The research reported in the present PhD thesis was focused on the application of mixed oxide catalysts for the CO2 hydrogenation to methane as one of the promising methods of chemical CO2 utilization. The literature introduction presented in Chapter 3

shows the evolution of the emission of carbon dioxide into the atmosphere and the necessity of its utilization.

Chapter 4 is focused on the CO2 methanation process, its thermodynamic aspect, possible mechanisms of the reaction, state of art considering both catalytic solutions and available industrial technologies used for the reaction. Especially the Subchapter 4.4.

covers a detailed study of the materials used as CO2 methanation catalysts. Currently, the attention is focused on nickel supported in a single oxide such as CeO2, Al2O3, SiO2, TiO2

or systems such as CeO2-ZrO2, USY, or SBA-15. Application of more complex catalytic system allows for creation of a synergestic effect between i.e., two oxides, such as MgO and Al2O3, where magnesium oxide is a source of basic centers necessary for the reaction, while alumina brings acidity, facilitating intermediate steps of the reaction and allows for improved specific surface area development.

Thermal decomposition of hydrotalcites was reported as an effective method for synthesis of mixed oxides with optimal properties to be applied as catalyst for CO2 methanation reaction. On the other hand, synthesis is complex and consisted of several energy-consuming steps during which a significant volume of waste water is produced.

In Chapter 5 alternative methods for synthesis of mixed oxides were reported, among which solution combustion synthesis seems to be the most promising, considering its simplicity and possibility of adjusting the comsposition of products.

distinguished in the diffractograms suggesting successful incorporation of these elements into the structure.

• FTIR spectra confirmed the presence carbonate ions in the interlayer region,

• XRD of the calcined materials confirmed destruction of the layered structure and formation of mixed nano-oxides with periclase-like structure,

• Elemental analysis confirmed that the desired compositions of mixed oxides were obtained,

• The H2-TPR profiles of the thermally decomposed materials showed a strong interaction between nickel and the oxide support.

Furthermore, the general tendency after introduction of the promoter suggested improved reducibility of the nickel phase,

• XRD analysis of the reduced catalysts showed a separate phase of metallic nickel, however, when promoted with Cu, reflections were shifted in the direction of Ni-Cu alloy, suggesting formation of such a solid solution, with an increase in the promoter content. Such observations were not made for the catalysts promoted with Co. The support phase after reduction consisted of both periclase-like oxide and spinel-type oxide,

• CO2-TPD profiles recorded for all reduced materials showed the presence of three types of basic sites: (i) weak Brønsted basic sitessurface OH groups, (ii) medium-strength Lewis M-O pairs and (iii) strong basic sites related to low coordinated O 2-anions. The distribution of basic centers was strongly dependent on the promoter content. Copper was responsible for the increase in the mediumstrength basicity, while cobalt was responsible for the strong basicity.

The dependence of catalytic performance on promoter content was studied for materials containing 15 wt% Ni and 0.5, 1, 2 and 4 wt% Cu or Co (fresh sample). These materials were tested in the CO2 methanation reaction at the temperature range from 250 to 450°C. The following conclusions may be drawn:

• The low amount of Cu (0.5-1 wt%) led to a significant improvement in CO2 conversion at the entire temperature range, however, an increased amount of Cu (2-4 wt%) resulted in lower conversion. Furthermore, with low copper loadings, catalysts were selective toward the formation of methane, while higher promoter loading led to low selectivity, products were dominated with crbon monoxide formed in reverse water-gas shift reaction,

• Cobalt had beneficial influence on catalytic performance of Ni-Mg-Al mixed oxide catalyst derived from hydrotalcites, however the most optimal promotion was of 1 wt%. Selectivity to methane of those catalysts was very high throughout the entire test,

• The 5 and 24-h tests performed for the chosen catalysts proved their stability thought the entire time on stream.

Considering post-run characterization, the following observations were made:

• No graphite carbon or other crystalline carbonaceous phase was registered with the XRD technique,

• The promotion with cobalt did not give any explicit information of the sintering favored by this type of promoter,

• Significant decrease of the metallic crystallites was observed for Cu-promoted materials, which was explained with redistribution of nickel particles, assigned to the atomic erosion process.

Since the synthesis of hydrotalcites and their subsequent thermal decomposition are a complex method, an attempt was made to simplify the catalyst preparation in the next step (Chapter 8). This part of the study was divided into four parts: i) modeling of the adiabatic flame temperature and studying the thermodynamics of the synthesis, ii) physicochemical characterization of catalysts prepared with different configurations of fuel (urea) and temperature (300 or 500 °C), iii) catalytic tests towards the CO2 methanation reaction, and iv) post-run characterization.

The conclusions drawn from the part focused on the thermodynamic study were following:

• With an increase of the urea content, adiabatic flame temperature is increasing,

• The highest amount of heat was generated during the reaction involving formation of alumina, and the lowest during the formation of MgO,

• Using high temperature (500 C) allowed for visible reduction of synthesis time,

• The measured flame temperature was significantly lower than the theoretical, calculated onethe studied system was not adiabatic.

The following conclusions may be listed from the physicochemical characterization of the materials:

• XRD of the as-synthesized samples confirmed the formation of mixed nanooxides with a mainly periclase-like structure (synthesis at 300 °C) and partial presence of spinel-like structure (synthesis at 500 °C),

• Elemental analysis confirmed that the desired compositions of mixed oxides were obtained,

• The H2-TPR profiles of the thermally decomposed materials showed the presence of nickel in two phases: nickel oxide and periclase-like oxide, the catalyst prepared under the most intense thermal regime additionally showed the reduction of nickel from spinel-type oxide,

• XRD analysis of the reduced catalysts showed a separate phase of metallic nickel, which was confirmed with TEM analysis,

• CO2-TPD profiles recorded for all reduced materials showed the presence of three types of basic sites, catalysts prepared with stoichiometric urea content showed improved surface basicity.

The dependence of catalytic performance on the synthesis conditions was studied for materials containing ca. 20 wt% of nickel in the as-synthesized catalyst. The following observations were made:

• Catalysts synthesized with stoichiometric urea amount showed higher CO2 conversion than their analogues prepared with above-stoichiometric urea content ( 89% at 300 °C for SCS_100_500; 72% at 300 °C for SCS_175_500).

• All catalysts were selective to methane.

• All SCS-derived catalysts were more active throughout the test than the hydrotalcite-derived reference catalyst.

• Post-run XRD showed no formation of crystalline carbonaceous species, and lack of deactivation is suggested with consistent performance in the stability tests.

Solution combustion synthesis was additionally applied to study whether such a simplified pathway allows for the introduction of a promoter as a fourth element. This study consisted of two main parts: i) introduction of an increasing cobalt content (0.6, 1.3, 2.5, and 5.1 wt%) in a one-step synthesis, ii) optimization of the cobalt introduction (ca. 1.3 wt%) after splitting the synthesis in two steps.

Considering the one-step synthesis, the effect of cobalt promotion was not observed in the catalytic tests. It was probably related to the presence of cobalt in its inactive form (such as CoAl2O4) in the oxide matrix and its presence on the surface was not explicitly registered with any of the applied physicochemichal methods.

The following observations were made regarding the physicochemical properties:

• The increase in cobalt content led to an increase in the specific surface area,

• For the majority of catalysts, cobalt-promoted samples resulted in lower overall surface basicity than for the reference SCS_175_300 catalyst.

of the study (Chapter 10) was consisted of four main parts: i) characterization of bare cenospheres as a support for the CO2 methanation reaction, ii) physicochemical characterization of catalyst based on the unmodified and perforated cenospheres, iii) comparison of catalytic performance of Ni catalyst based on unmodified and perforated cenospheres, and iv) post-run characterization.

• Unmodified cenospheres are characterized with the lack of developed surface and acid/basic centers, they are likewise catalytically inactive in CO2 methanation,

• Modification of cenospheres with perforation led to the erosion of surface, its development and eventually allowed the availability of an internal surface of the sphere,

• The nickel catalyst for CO2 methanation supported on cenopsheres requires the introduction of additional oxide centers (MgO, Al2O3, etc.) to deliver basic centers to the surface, which are necessary to facilitate the adsorption of the reacting gases,

• Additionally, Mg-Al oxide layer stabilizes nickel crystallites on the surface and prevents their sintering;

• • Physico-chemical properties of the synthesized catalysts are important, however, similar for the reported catalysts. The dominating factor influencing the catalytic performance was found to be the geometrical dimensions of the applied open-cell foams,

• Improved catalytic performance at 300 °C was registered for catalyst based on 45 ppi foam,

• Catalysts based on the OCF's with porosity of 45 ppi are more effective in case of the internal and external diffusion at the studied reaction conditions,

• Catalysts based on the OCF's with porosity of 30 ppi resulted in limitations in internal and external mass transfer due to the thick coating layer and longer time of radial transport inside the pore,

• The applied length of the microreactor was more than sufficient, and could be reduced.

The studied catalysts showed very good catalytic properties in the CO2 methanation process. Solution combustion synthesis was an effective alternative for synthesis of mixed oxide catalyst and its deposition on cenospheres or open-cell foams. As derived from the performed stability tests for the selected catalysts their activity was high and no deactivation was suggested.

Other future perspectives

On the hydrotalcite-derived catalyst optimization

Possible research perspective for the hydrotlcite-derived nickel catalyst, which was successfully promoted with low amounts (0.5-1 wt%) of copper or cobalt, is study of influence on of material the alternative synthesis methods of LDHs, such as i.e. urea hydrolysis. Another interesting strategy may be the introduction of the promoter to the interlayer region via an EDTA complex or testing alternative strategies of synthesis such as the preparation of Mg-Al-X hydrotalcites (where X is a promoter) and subsequent impregnation with nickel. Additionally, it may be carried out experiments on the sample containing two types of promoter, i.e., 0.5 wt% of Cu and 0.5 wt% of Co, to observe possible synergistic effect, especially at low temperatures.

On the solution combustion synthesis-derived catalyst optimization

Promotion of the SCS_100_500 catalyst with Fe, Co, Cu or Y to improve the performance at low temperatures (250 °C) is a perspective worth further investigation regarding solution-combustion derived catalyst. Furthermore, an interesting catalyst the synthesis would be preparation of solutions combustion synthesis with stoichiometric amount of urea at 500 °C but with lower nickel content of 8, 12, and 16 wt% to see if it is possible to reduce the amount of the active phase and still obtain the active and selective catalyst for CO2 methanation. Interesting could be also preparation of pellets of SCS_100_500 sample and testing the influence of the grain size on the catalytic performancestudy on the kinetic limitations in the bed for this kind of catalyst and optimization of bed parameters. Since, according to the state of art, the study on the mechanism of CO2 methanation on Ni-Co catalysts is not yet well stabilized, the promotion of SCS_100_500 with 1 and 4 wt% of Co and performing in situ FTIR operando study (with SSITCA) would be a promising study.

On the cenospheres-based catalyst optimization

To possibly improve the catalytic performance of cenosphere-based catalysts, several perspectives should be considered. The deposition of active phase on cenospheres with different conditions of solution combustion synthesis, such as stoichiometric amount of urea and combustion at 500 °C could provide interesting results. Additionally, a study on the modified cenospheres-based catalyst related to the optimization of the amount of the deposited Mg-Al oxide layer is worth doing. In the further perspective, the study of the influence of the promoter addition (Co, Fe, Y) to possibly improve the catalytic performance at low temperatures (250 °C) could be considered.

On the open-cell foams optimization

For stuctured materials studies, the use of foams with significantly shorter lengths, such as 1-1.5 cm, or carrying out test at increased WHSV (50,000; 75,000; 100,000 g -1 •h - Finally, a subject of interest should the be also deposition of active phase on the surface of the foams with alternative methods, i.e. flame spray pyrolysis. A.1

ANNEX I

𝜌 𝑚𝑖𝑥 = 𝑃•𝑀 𝑚𝑖𝑥 𝑅•𝑇 A.2 𝜇 𝑚𝑖𝑥 = ∑ 𝜇 𝑖 •𝑦 𝑖 •𝑀 𝑖 1 2 𝑛 𝑖=1 ∑ 𝑦 𝑖 •𝑀 𝑖 1 2 𝑛 𝑖=1 A.3
Where the dynamic viscosity of each component (μi) was calculated as in Equations 11.4-11.6 for the corresponding gases, Mi is the molecular weight of i component and yi is a volume fraction of the i component, P is the pressure of the process, T is the temperature of the process, and R is gas constant of 8.314 J/mol•K.

The viscosity of CH4, CO2 and Ar were calculated via Eq. A.4, using values of Tc,i and Pc,i of 190.7 K and 46.4 kPa for methane, 304.1 K and 73.7 kPa for carbon dioxide, and 150.86 K and 48.9 kPa for argon [START_REF] Perry | Perry's chemical engineers' handbook[END_REF]. A.4

The dynamic viscosity of hydrogen and water vapour was calculated with Eq. A. A.20

Characteristic times such as tc, text, tint and tr were calculated based on the Eq. A.21-A.24.

tc defined the contact time, where L is the length of the foam and u is the gas velocity at the inlet. The reaction time (tr) (Eq. A.24) defines the rate of CO2 conversion.

The choice of optimal synthesis method, composition of the support, and the addition of promoters are solution to improve the catalytic performance of the nickel catalyst. On the contrary to copper, the cobalt-promoted catalyst was very selective for methane and was more active. The introduction of even small amounts of promoter led to an increase in specific surface area, medium strength, and strong basicity. Higher content of Co (2-4 wt%) improved reducibility of nickel. Considering the aforementioned, cobalt can be identified as a textural and electronic promoter. The best catalytic performance was registered for catalystw with 1 wt% Co, which showed 77% CO2 conversion at 300 °C, with selectivity to methane above 99%. The main factor that has an influence on the catalytic performance were the geometric parameters of the foam. Catalysts based on the 30 ppi foam OCF showed CO2 conversion in the range of 30-50 % at 300 °C, while those based on the 45 ppi showed 90-92 % under the same experimental conditions. Calculations of the internal and external mass transfer were performed. The observed difference in the catalytic activity was primarily related to the radial transportat inside the pores of the foam and the thickness of the deposited coating.
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  hydrogenation to methane. Ni-Mg-Al hydrotalcite-derived catalysts were prepared by co-precipitation at constant pH, and further promoted with Co and Cu. The solution combustion synthesis was studied as an alternative to the synthesis of similar mixed-oxide catalysts. Furthermore, cenospheres and open-cell foams were used as a support for the mixed-oxide catalyst. The physicochemical properties of the studied materials were evaluated by different characterization techniques to study the influence of the different parameters on the catalytic performance. The main goals of the thesis are: I. Improvement in the activity of hydrotalcite-derived CO2 methanation catalysts containing Ni by introducing a new promoter such as Co or Cu.
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  of the first fluidized-bed methanation strategies was developed by Bituminous Coal Research Inc. The setup consisted of two internal heat exchangers on a bed. Fluidized-bed methanation requires refined process control. Another concept called COMFLUX was developed by Thyssengas GmbH, in collaboration with Didier Engineering and DVGW-Forschungsstelle in Germany. The pilot plant constructed in 1977 operated commercially on the basis of this strategy at Oberhausen in Germany.
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  Another bimetallic Ni-Mo catalyst was prepared with incipient wetness impregnation, testing different concentrations of metals. All Mo/Al2O3 samples with Mo loading from 0 to 15% resulted in 0% activity in the reaction. Among bimetallic catalysts, the most effective was one with 15 wt% Ni and 5 wt% Mo, which at 250 ℃ exhibited the highest activity of 17.2%. High Mo concentration results in blockage of Ni centers with MoOx[START_REF] Aksoylu | Interaction between nickel and molybdenum in Ni-Mo/Al2O3 catalysts: I CO2 methanation and SEM-TEM studies[END_REF]. The perovskite-type structure LaNi1-xMoxO3 on SiO2 showed very good catalytic performance and great stability (over 300 h stream). The addition of Mo improved low-temperature activity and preserved Ni particles from sintering. The catalyst with La and Mo exhibited the lowest activity (~10% at 400 ℃) when the catalyst with La and Ni reached ~70% of the CO2 conversion. The most active materials were materials with La, Ni, and Mo together, reaching similar CO2 conversion values above 70%[START_REF] Li | Nano composite composed of MoO x -La 2 O 3 -Ni on SiO 2 for storing hydrogen into CH 4 via CO 2 methanation[END_REF]. Yan et al. tested the following elements such as: Cu, Mo, Mn, Fe, Co, and W, as a promoter for a catalyst of 15 wt% Ni/ MgO catalyst. In the group of the latter, the tungsten-promoted catalyst was the most active. Furthermore, cobalt gave better results than the unpromoted catalyst. However, the nickel catalyst based on WOx instead of MgO results in a strongly inferior performance in the CO2 methanation reaction. The highest activity was obtained by the sample with a Mo/Ni molar ratio of 1. The tungsten species were considered to play an important role in the promotion of the formation of surface CO2 adsorption sites and in improving their stability.

  regime and the last one in the lowest. For the first and second reactors, catalysts designed to work in a temperature window of 230-650 °C -G1-86HT in the form of rings and G1-85 in the form of tablets, both nickel-based. For moderate temperatures' catalyst G1-85 is dedicated, with a temperature window of 230-480 ℃, shaped as rings. The estimated lifetime for G1-86HT and -85(tablets) is 3 years, while for G1-85 (rings) it is 4.5 years. Haldor Topsoe developed a TREMP technology, based on a series of adiabatic fixedbed reactors. Reactors working at high temperatures, above 450 ℃ are filled with a very stable MCR catalyst, based on nickel. Inside reactors that operate at a low temperature of 200-300 ° C, where nickel carbonyl is usually formed, the applied catalyst is based on a combination of Ni and non-Ni catalyst to prevent fast deactivation. The estimated lifetime
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  a) precipitation at constant pH, b) hydrothermal synthesis, c) solution-combustion synthesis, d) urea hydrolysis, e) sol-gel synthesis, f) exchange methods.

  of their thermal decomposition have multiple applications in industry. The thermal decomposition of hydrotalcites has two significant stages, the first is loss of interstitial water at ca. 200 °C, second in the range 200-450 °C, is associated with the simultaneous loss of hydroxyl groups, carbonate ions in the form of water, and carbon dioxide, leading to the formation of a mixed oxide solid solution. Depending on the chosen temperature of calcination of LDHs, the synthesis method, the composition of hydrotalcite, and the presence of impurities, the products may result in different levels of crystallinity and different natures of the formed solid solution. Calcination of hydrotalcites in inert gas at 600-800 °C leads to the formation of a M(II)M(III)O4 spinel together with M(II)O. The thermal decomposition of Mg-Al and Mg-Al-Ni hydrotalcites leads to the formation of mixed oxides with a periclase-like structure, which can be described with the formula Mg(Ni,Al)Ox.

Figure 5 . 2 .

 52 Figure 5.2. Schematic representation of the memory effect Acid-base properties

Figure 5 . 3

 53 Figure 5.3. Different approaches for solution combustion synthesis

7. 2 )

 2 promotion was studied. Solution combustion synthesis initially was developed as an alternative for the synthesis of a mixed oxide solid solution similar to the thermal decomposition of hydrotalcites. Synthesis based on combustion carried out in the laboratory furnace (Chapter 8). The samples chosen among the SCS-based samples were then studied for cobalt promotion (Chapter 9.1) and optimization of cobalt deposition (Chapter 9.2). Solution combustion synthesis was additionally tested as a pathway to deposit active material in cenospheres (Chapter 10) and open-cell foams (Chapter 11).

  use of a Micromeritics ASAP 2020. 200 mg of a calcined sample were loaded into a Ushaped quartz reactor and placed between quartz wool plugs. The catalyst reduction was carried out in situ, under pure hydrogen flow at 900 °C at a heating rate of 10 °C/min. Subsequently, the sample was treated with helium for 30 min at the reduction temperature and cooled to 40 °C, where evacuation took place for 30 min. The dispersion (D) of cobalt and nickel was calculated on the basis of the assumption that two metal sites are covered by one hydrogen molecule.

Figure 6 . 1 .Figure 6

 616 Figure 6.1. Scheme of the CO2 methanation setup

Figure 6 . 3 .

 63 Figure 6.3. Temperature program of CO2 methanation catalytic tests

Cu incorporation on the catalytic activity of methanation 7 . 1 . 1 .Figure 7 . 1 .

 71171 Figure 7.1. The 3R rhombohedral layered structure (ICDD 00-022-0700) is confirmed

Figure 7 . 1 .

 71 Figure 7.1. XRD diffractogram for fresh Cu-promoted hydrotalcites Parameter c of the unit cell is calculated according to using the position of the first three

Figure 7 . 2 .

 72 Figure 7.2. FTIR spectra for the hydrotalcite derived samples, promoted with copperThe content of nickel and copper was different in the fresh hydrotalcite-like material and

Figure 7 . 3 .

 73 Figure 7.3. XRD diffractograms for hydrotalcites after calcination

Figure 7 . 4 .

 74 Figure 7.4. H2-TPR profiles for calcined hydrotalcites promoted with Cu Low-temperature nitrogen sorption was performed on the calcined samples to study the

Figure 7 . 5 .

 75 Figure 7.5. SBET isotherms for calcined Cu-promoted LDHs

  medium strength doubled. The basic properties of the unpromoted hydrotalcite-derived catalyst are in agreement with the literature [62-69]. The adsorption of CO2 on the surface of materials was studied by Di Cosimo et al. The desorption of CO2 registered as lowtemperature peak can be related to the desorption of CO2 from weak Brønsted sites (OH groups) where bicarbonate was formed. Metal-oxygen pairs with accessible cations (such as Mg-O) are attributed to the desorption of CO2 in the medium-temperature range. Lowcoordination oxygen anions with strong basicity (especially pure MgO) form unidentifiable carbonates assigned to the high temperature peak [245,260]. The peak positions vary for the synthesized catalysts, suggesting different strengths of interactions between individual types of sites and CO2 (Fig. 7.6). The reference sample HTNi resulted in a low-temperature desorption peak located at 143°C, which is approximately 20 °C higher than for Cu-promoted materials. This may indicate a reduction of the strength of weak basic sites by copper. The peak originating from medium-strength basic sites for

Figure 7 . 6

 76 Figure 7.6 CO2-TPD profiled for the reduced Cu-promoted hydrotalcites

Figure 7 . 7 .

 77 Figure 7.7. XRD diffractograms of hydrotalcites after reduction HRTEM images for HTNi, HTNiCu1, and HTNiCu4 are presented in Fig. 7.8, with the corresponding histograms representing the distribution of the diameters of the Ni 0

Figure 7 . 8 .

 78 Figure 7.8. HRTEM pictures of reduced hydrotalcite-derived materials 1-3(A) and (B); histograms with the distribution of Ni particle size 1-3 (C)The HRTEM and EDX mappings for nickel and copper recorded for the reduced

Figure 7 . 9 .

 79 Figure 7.9. Figure 8. a) b) and c) EDX mapping of Ni, Cu and overlay, respectively, d) HRTEM image of a metal particle and e) TEM image of reduced HTNiCu4

Figure 7 .

 7 Figure 7.10. (a) CO2 conversion; (b) selectivity to CH4 as a function of temperature, for Cu-promoted hydrotalcite-derived catalysts

  7. 11. The 5h test (Fig.7.11 a and c) was carried out for an unpromoted catalyst, as well as for those with 0.5, 1, and 4 wt% Cu. A 72 h test (7.11 b and d) was performed only on HTNi and HTNiCu1, to have a better overview of the stability of these catalysts. During the first 30 minutes on stream, HTNiCu0.5 and HTNiCu1 lost activity, but then the value stabilized at about 57% and 50% of CO2 conversion. HTNiCu4 initially was inactive, but after 1 hour on stream, its catalytic activity remained stable at about 10% of CO2 conversion.

Figure 7 .

 7 Figure 7.11. CO2 conversion during (a) 5h; (b) 72 h stability tests; CH4 selectivity during (c) 5h; (d) 72 h stability test for Cu-promoted hydrotalcite-derived catalysts

Figure 7 .

 7 Figure 7.12. XRD diffractograms for Cu-promoted hydrotalcite-derived catalysts after TPSR tests All of the recorded diffractograms presented a similar phase composition.

  Avdeeva et al. andShen et al. proposed that Ni/Cu ratio in the metallic nanoparticles of the catalyst can change because of the susceptibility of nickel atoms to segregate from the alloy more easily than copper. Moreover, such redispersion can be assigned to the restructuring of the Ni-Cu solid solution to facilitate carbon diffusion[START_REF] Xu | Methane steam reforming, methanation and water-gas shift: I. Intrinsic kinetics[END_REF][START_REF] Uvarov | Metrological characterization of X-ray diffraction methods at different acquisition geometries for determination of crystallite size in nanoscale materials[END_REF]. This kind of erosion phenomenon may be related to the initial observed loss of the activity observed in the stability test on Cu-promoted samples. It is possible that the studied samples undergo restructuring of the active phase during the first 30 mins on stream, and later remain stable.No scattering characteristic for the amorphous phase was observed in the diffratograms, together with no reflections signifying crystalline carbon deposits. To confirm the possible presence of the carbon deposited in the materials, and its eventual amount, thermogravimetric analysis (TGA) was performed. The results obtained for the HTNi, HTNiCu0.5 and HTNiCu1 samples are presented in Fig.7.13.

Figure 7 .

 7 Figure 7.13. TGA profiles recorded for hydrotalcite-derived samples after 5 h stability tests.

Co incorporation 7 . 2 . 1 .

 721 Physicochemical properties of Co-promoted hydrotalcite-derived catalysts XRD diffractograms recorded for the fresh hydrotalcites promoted with cobalt are presented in Fig. 7.14. No scattering characteristic for the amorphous phase was detected, and all the tested samples resulted in reflections at the same 2θ angles, just as in the case of Cu-promoted hydrotalcites presented in Chapter 7.1.1. Reflections with (00l) planes at 2θ of 11.3 deg (003), 22.8 deg (006), 34.5 deg (009), and broad asymmetric peaks at 40-66 deg confirmed the 3R rhombohedral layered structure of hydrotalcite (ICDD 00-022-0700). No additional peaks associated with the formation of cobalt-containing species or precipitation of undesired oxides were registered, suggesting successful incorporation of the promoter to the structure of LDHs.

Figure 7 .

 7 Figure 7.14. XRD diffractogram for fresh cobalt-promoted hydrotalcites

Figure 7 .

 7 Figure 7.15. FTIR spectra for the so-synthesized cobalt-promoted LDHsAs already chosen for the Cu-promoted hydrotalcite-derived samples discussed above,

Figure 7 .

 7 Figure 7.16. XRD for the calcined cobalt-promoted LDHs

Figure 7 .

 7 Figure 7.17. SBET isotherms for calcined cobalt-promoted LDHs

Figure 7 .

 7 Figure 7.18. H2-TPR profiles registered for calcined hydrotalcites promoted with Co X-ray diffractograms for hydrotalcite-derived catalysts after reduction are presented in

Figure 7 .

 7 Figure 7.19. XRD for the reduced hydrotalcite-derived catalysts promoted with cobalt

Figure 7 .

 7 Figure 7.20. CO2-TPD profiles for reduced cobalt-promoted hydrotalcites

Figure 7 .

 7 Figure 7.21. 1-4(a) -Transmission Electron Microscopy (TEM) images of reduced cobalt-promoted hydrotalcite-derived catalysts; 1-4(b)histograms with particle size distribution for the studied materials.

Fig. 7 .

 7 Fig. 7.22 presents the HRTEM image of the metallic particle of the HTNi catalyst. Under

Figure 7 .

 7 Figure 7.22. HRTEM image of the reduced HTNi X-ray photoelectron spectroscopy (XPS) was performed to study the oxidation state of

Figure 7 .

 7 Figure 7.23. XPS spectra for hydrotalcite-derived catalysts (a) regions of Ni 2p, (b) regions of Co 2p, (c) regions of O 1s XPS spectra for the Co 2p region are shown in Fig. 7. 23 (c). Due to the low content of

  Co2O3 at ca. 780 eV, CoO at ca. 781.2 kV, Co 0 at ca. 777.3 kV, and Co-Ni at ca. 778.4 eV[START_REF] Turner | Determination of peak positions and areas from widescan XPS spectra[END_REF][START_REF] Gao | Effect of different templating agents on cobalt ferrite (CoFe2O4) nanomaterials for high-performance supercapacitor[END_REF][START_REF] Varun | Highly stable M/NiO-MgO (M = Co, Cu and Fe) catalysts towards CO2 methanation[END_REF][START_REF] Tan | XPS Studies of Solvated Metal Atom Dispersed Catalysts. Evidence for Layered Cobalt-Manganese Particles on Alumina and Silica[END_REF]. The formation of the solid solution between nickel and cobalt is suggested with the presence of the latter. Co2O3related peak contributes to 25% of the cobalt phase in the deconvoluted Co 2p 3/2 peak. The formation of this oxide may be explained by contact with air during transportation, similar to Co 2+ cobalt originating from CoO, which was likewise partially formed before the XPS measurement. Furthermore, the XPS spectra for the O 1s region are shown in Fig. 7. 23 (b). All the samples resulted in a peak related to O 1s located at ca. 530.4 eV. The peak was deconvoluted into two Gaussian curves, among which the one with the maximum at 529.4

Fig. 7 .

 7 Fig. 7.24 (b) illustrates the selectivity toward CH4 formation. The presented results

Figure 7 .

 7 Figure 7.24. (a) CO2 conversion; (b) CH4 selectivity in CO2 methanation for cobalt-promoted hydrotalcite-derived catalysts

Figure 7 .Fig. 7 . 26 .

 7726 Figure 7.26. XRD for the post-run cobalt-promoted mixed-oxides from thermal decomposition of hydrotalcitesWhen the intensity of the mixed-oxide related crystalline phase is compared, the

Figure 8 . 1 .

 81 Figure 8.1. Adiabatic flame temperature at fuel-to-nitrates ratio from 25 to 175%

Figure 8 . 2 .

 82 Figure 8.2. Evolution of the temperature during the solution combustion synthesis for (a) Ni(NO3)2 + urea; (b) Mg(NO3)2 + urea; (c) Al(NO3)3 + urea The temperatures measured inside the studied solutions during the combustion

Fig. 8 .

 8 Fig. 8.3 illustrates the process of synthesis of the solution combustion synthesis for the

Figure 8 . 3 .

 83 Figure 8.3. Solution combustion synthesis process for SCS_175_500 catalyst Each of the steps of the synthesis is responsible for a different physical or chemical

Figure 8 . 4 .

 84 Figure 8.4. XRD for Ni-Mg-Al mixed oxides derived from thermal reaction All SCS-derived samples resulted in diffractograms comparable to those of

Figure 8 . 5 .

 85 Figure 8.5. SBET isotherms for SCS-derived mixed-oxides

Figure 8 . 7 .

 87 Figure 8.7. XRD diffractograms for reduced SCS-derived catalysts CO2-TPD was carried out on the reduced samples to study the acidic/basic

Figure 8 . 8 .

 88 Figure 8.8. CO2-TPD profiles for the reduces SCS-derived catalysts

  the average particle diameter. Only SCS_100_500 resulted in an average Ni 0 crystallite diameter similar to the one calculated with the Scherrer equation. For the other samples, Ni 0 crystallites recognized with TEM are larger, in the range of ca. 19-26 nm. The observed difference in the average size of the Ni 0 crystallites from XRD and TEM can be explained either by the accuracy of Scherrer equation in which the size is averaged for the entire measured sample or by the fact that during contact with atmospheric air between the reduction step and the actual TEM measurement samples were oxidized and covered with a layer of NiO that gave signals at different 2θ positions, not contributing to the information on the crystallite size containing two phases. According to the derived histograms, catalysts from the combustion synthesis resulted in a visibly higher average Ni 0 crystallite than the sample synthesized by thermal decomposition of LDHs. A wide crystallite distribution, with crystallites reaching up to 80 nm was detected in the SCS_100_500 catalyst, however, the dominant phase was recognized for nickel particles with diameter ca. 10-15 nm. The formation of such large crystallites can be explained with (i) a higher nickel content in the oxide structure compared to hydrotalcite-derived catalyst, or (ii) a weaker interaction of nickel with the oxide matrix. HRTEM measurements were used for the explicit imaging of the atomic structure (Fig.8.9.(b)).

Figure 8 .

 8 Figure 8.9. 1-4(a) -Bright Field Transmission Electron Microscopy (BFTEM) images of the reduced SCS-derived catalysts; 1-4 (b) HRTEM images; 1-4(c) -Histograms with particle size distribution for the studied materials. XPS spectra for the reduced catalysts are reported in Fig. 8.10 (a-d). Fig. 8.10.(a)

Figure 8 .

 8 Figure 8.10. XPS spectra for the reduced SCS-derived catalysts a) Ni 2p region, b) O 1s region, c) Mg 2p, region d) Al 2p region

Fig. 8 .

 8 Fig. 8.10 (b) illustrates the O 1s region of XPS. The registered spectra for all

Figure 8 .

 8 Figure 8.11. (a) CO2 conversion as a function of temperature; (b) CH4 selectivity as a function of temperature for mixed-oxides catalysts

Figure 8 . 13 .

 813 Figure 8.13. The correlation between the physicochemical properties of the Ni-Mg-Al mixed-oxide catalysts and their activity in CO2 methanation 8.4. Post-run characterization

Figure 8 .

 8 Figure 8.14. XRD diffractograms for post-run SCS-derived catalysts

Figure 9 . 1 .

 91 Figure 9.1. XRD diffractograms for cobalt-promoted SCS-derived samples Low-temperature N2 sorption was performed on cobalt-promoted catalysts to study its

Figure 9 . 2 .

 92 Figure 9.2. Low-temperatue N2 sorption isotherms for SCS-derived cobalt-promoted samples

Figure 9 . 3 .

 93 Figure 9.3. H2-TPR profiles for the SCS-derived cobalt-promtoed mixed oxides XRD diffractograms for the reduced cobalt promoted SCS-derived mixed oxides

Figure 9 . 4 .

 94 Figure 9.4. XRD diffractograms for the reduced cobalt promoted SCS-derived mixed oxides CO2 -TPD profiles for cobalt promoted SCS-derived Ni-Mg-Al mixed oxides are

Figure 9 . 9 . 1 . 3 .

 9913 Figure 9.6. a) CO2 conversion; b) CH4 selectivity in TPSR CO2 methanation tests for SCS-derived cobaltpromoted samples

Figure 9 . 7 .

 97 Figure 9.7. XRD diffractograms for the post-run SCS-derived cobalt doped catalysts

9 . 8 .

 98 Samples visibly vary between each other in terms of both the level of crystallinity and the phase composition. The SCSNiCo1.3 catalyst was previously discussed in Chapter 9.1, and has the least complicated diffractogram among the catalysts compared herein. All of the distinguished peaks are assigned to the periclase-like oxide structure. There is a visible shift in the position of main periclase-related peaks at 36.9 deg (111), 42.9 deg (200), 62.3 deg (220), in comparison to the SCSCoNi_double catalyst, suggesting the distortion of the lattice by the Ni atoms present inside the Mg(Ni,Al)Ox crystalline structure. This situation is excluded in the SCSCoNi_double sample due to the formation of a nickel-free Mg(Al)Ox periclase-like matrix without Ni-related deformations. On the other hand, the previously mentioned periclase-related reflections in the SCSCoNi_double sample present a shoulder at the right side of the peak; it may be interpreted as the presence of separate NiO phase, partially formed after deposition of nickel in the second step of the combustion. Nickel oxide (ICDD 01-089-7101) is characterized with reflections at 2θ with corresponding (00l) planes of 37.2 deg (021), 43.3 deg (202), and 62.9 deg (220).Furthermore, the diffractogram of the SCSCoNi_double sample showed sharp peaks at the reflections characteristic of spinel (probably MgAl2O4). This kind of ternary oxide was distinguished only for the latter sample in the present series.

Figure 9 . 8 .

 98 Figure 9.8. XRD diffractograms for the so-combusted SCS-derived cobalt-promoted samples The SCSNiCo_double catalyst, similarly to the SCSNiCo1.3, showed the main reflection

Figure 9 .

 9 Figure 9.10. H2-TPR profiles for the SCS-derived mixed oxides with ca. 1.3 wt% of Co

Figure 9 .

 9 Figure 9.11. XRD diffractograms for reduced SCS-derived cobalt-doped catalysts, recorded with Si (111) (λ = 0.338 Å) radiation Similarly, NiAl2O4 (ICDD 00-010-0339) is characterized with main reflections at 2θ of

Figure 9 .

 9 Figure 9.12. CO2-TPD profiles doe SCS-derived, cobalt-dopped mixed-oxides

  9.13. 1 (a)-(c) TEM images of the reduced cobalt-promoted SCS-derived catalysts are compared with the corresponding histograms (Fig. 9.13. 2(a)-(c)).

Figure 9 .

 9 Figure 9.14. HAADF and EDX analyses for reduced SCS-derived catalysts with ca. 1.3 wt% of cobalt

Figure 9 .

 9 Figure 9.15. (a) CO2 conversion and (b) CH4 selectivity in TPSR CO2 methanation tests for SCS-derived catalysts with ca. 1.3 wt% of Co

Figure 9 .

 9 Figure 9.16. CO2 conversion and CH4 selectivity during the 26 h stability test at 300 °C for SCSNiCo_double sample

Figure 9 .

 9 Figure 9.17. (a) CO2 conversion, and (b) CH4 selectivity of SCSNiCo_double catalyst at GHSV of 12,000; 24,000; 48,000 h -1

Figure 9 .Fig. 10 . 1 .

 9101 Figure 9.18. XRD diffractograms for the post-run SCS-derived samples promoted with ca. 1.3 wt% of cobalt.9.2.5. Conclusions

Figure 10 . 1 .

 101 Figure 10.1. XRD diffractograms for gray and white cenospheres

Figure 10 . 2 .

 102 Figure 10.2. H2-TPR profiles for white and gray cenospheres

Figure 10 . 4 .

 104 Figure 10.4. (a) unmodified white cenospheres and (b) perforated white cenospheres; images obtained via SEM

Figure 10 . 5 .

 105 Figure 10.5. XRD for cenopshere-based catalysts after deposition of active phase via solution combustion synthesis XRD for cenopsheres with deposited by solution combustion synthesis (300 °C, 175%

Figure 10 . 6 .

 106 Figure 10.6. H2-TPR profiles for nickel catalysts supported on (a) unmodified cenospheres, (b) modified cenospheres

Figure 10 . 7 .

 107 Figure 10.7. Low-temperature N2 sorption isotherms for (a) unmodified, (b) modified cenosphere-based catalystsThe low-temperature N2 sorption isotherms for cenospheres-based catalysts are showed

Figure 10 . 8 .

 108 Figure 10.8. CO2-TPD profiled for CS(P)_MgAl_Ni20 samples

Figure 10 . 9

 109 Figure 10.9 XRD diffractograms for reduced (a) unmodified, (b) perforated cenosphere-based catalysts

Figure 10 .

 10 Figure 10.11. (a) CO2 conversion and (b) CH4 selectivity in CO2 methanation reaction for catalysts based on unmodified cenospheres

Figure 10 .

 10 Figure 10.12. (a) CO2 conversion and (b) CH4 selectivity in CO2 methanation reaction for catalysts based on modified cenospheres

  10.13. 24 h catalytic run was performed on more active catalyst CSP_MgAl_Ni20 to study its performance during the time on stream, and 12 h test on less active CS_MgAl_Ni20 sample to observe if it becomes activated after a certain time. Both samples exhibited very stable performance in the catalytic tests, suggesting lack of deactivation for the catalyst supported on unmodified cenospheres and lack of further activation for the sample based on unmodified cenosphers.

Figure 10 . 13 .

 1013 Figure 10.13. Stability test at 300 °C for CS(P)_MgAl_Ni20 catalysts (a) CO2 conversion, (b) CH4 selectivity.

Figure 10 .

 10 Figure 10.14. XRD diffractograms for the post-run cenosphere-based samples (a) unmodified, (b) modified.

Figure 11 . 1 .

 111 Figure 11.1. XRD diffractogram for ZrO2 open-cell foam

  XRD diffractograms for reduced OCF's-based catalysts are presented in Fig. 11.5. Monoclinic ZrO2 (ICDD 01-078-0047) and cubic ZrO2 (ICDD 00-049-1642) were confirmed with the same reflections as in Fig. 11.1. In addition, two phases were recognizedpericlase-like oxide (ICDD 00-045-0946) and metallic nickel (ICDD 03-065-0380). In the case of reduced catalysts, reflections located at 36.9 deg (111), 42.9 deg (200), 62.3 deg (220), 74.7 deg (311), and 78.6 deg (222) were typical for MgO and did not show a shift in the direction of nickel oxide, confirming reduction of nickel oxide species.

Figure 11 . 5 .

 115 Figure 11.5. XRD diffractograms for reduced catalysts based on open-cell foams (a) with porosity of 30 ppi and (b) 45 ppi

Figure 11 . 6 .

 116 Figure 11.6. CO2-TPD profiles for the reduced catalysts based on open-cell foams (a) with porosity of 30 ppi, and (b) 45 ppi The CO2-TPD profiles for the studied catalysts are presented in Fig. 11.6. The profiles

Figure 11 . 7 .

 117 Figure 11.7. SEM images of reduced open-cell-foams based catalysts 1(a)-(c) 15_150_30; 2(a)-(c) 15_150_45 ppi

Fig. 11 . 9 .

 119 Fig. 11.9. shows results of CO2 methanation tests for catalysts deposited on 45 ppi open-

Figure 11 .

 11 Figure 11.10. 5h stability tests performed at 300 °C on OCF's based catalysts 11.3. Post-run test

Figure 11 .

 11 Figure 11.11. XRD diffractograms for post-run catalysts based on open-cell foams (a) with porosity of 30 ppi and (b) 45 ppi

Figure 11 . 12 .

 1112 Figure 11.12. Values of Da-I number for 15_150_30 and 15_150_45 catalysts Furthermore, Damkὃhler number II (Da-II) is used to estimate the pore dimensions

Figure 11 . 13 .

 1113 Figure 11.13. Values of Da-II number for 15_150_30 and 15_150_45 catalysts

Figure 11 . 14 .

 1114 Figure 11.14. Values of Carberry number for 15_150_30 and 15_150_45 catalysts Damkὃhler number III (Da-III) informs of diffusion limitations in the coating layer (Fig.

Figure 11 . 15 .Figure 11 . 16 .

 11151116 Figure 11.15. Values of Da-III number for 15_150_30 and 15_150_45 catalysts

  The best catalyst from each series contained 20 wt% of Mg-Al mixed oxides and 20 wt% of nickel. The one supported on unmodified cenospheres led to 2% of CO2 conversion at 300 °C, while the analogue based on the perforated support reached 88% under the same conditions.The last part of the study, considered more as a future perspective for the research was related to the open-cell foams (OCF's) based catalysts coated with Mg-Al mixed oxides (100-150 mg) and nickel (10-15 wt%). Two series of analog catalysts were synthesized on foams with 30 and 45 ppi, in order to study the influence of the washcoat thickness and geometrical properties on the catalytic performance. This part (Chater 11) consisted of three main parts: i) physicochemical characterization of the OCF's based samples, ii) CO2 methanation tests, iii) modelling of internal and external mass transfer limitations inside the structure catalyst.

  1 ) is definitely a first step worth taking in the further study of this series of the catalysts for scale up studies. Furthermore, study of the open-cell foams-based samples based on open cell foams with significantly lower nickel content (3-5 wt%) deposited on the surface. The study on : i) the different composition of the washcoat on the open-cell foam-based catalyst, ii) in reducing the amount of nickel on the surface and iii) in adding promoters (Co, Fe, Y) would likewise bring a lot of novelty, especially in the case of bimetallic catalysts.

A. 1 .

 1 Figure. A.1. Geometric parameters and pore diameter distribution of the open cell foams

  transfer time (text) (Eq. 11.22) defines the external mass transport between the bulk of the reactants and the surface of the coating. transfer time (tint) (Eq. A.23) defines the time transport of reacting gases inside the pores of the coating of the catalyst.
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 2345679 -derived catalysts were successfully studied in the CO2 methanation process. The aim of the present thesis was to improve the activity of hydrotalcitederived CO2 methanation catalysts containing Ni by introducing a new promoter such as Co or Cu. To address this goal, two series of catalyst with ca. 15 wt% of nickel and an increasing amount of promoter (0.5, 1, 2, 4 wt% of Cu or Co) in the fresh sample were synthesized, characterized and studied. The thesis covers nine main parts: 1. Literature study focusing on the history and nature of anthrophogenic CO2 emission, available CCU and CCS solutions (Chapter 3), nature and maturity of the CO2 methanation reaction, including review of the catalysts studied in this process (Chapter 4), alternative pathways for the synthesis of mixed oxide catalysts (Chapter 5). Experimental part, where the applied physichochemical characterization techniques were explained, laboratory setup for catalytic tests, and the chosen synthesis pahways (Chapter 6). Discussion of catalytic performance in CO2 methanation of cobalt and copperpromoted hydrotalcite-derived catalysts (Chapter 7). Study of the thermodynamics of the synthesis and the influence of its conditions on the performance in the CO2 methanation of the Ni-Mg-Al mixed oxide catalyst derived from the solution combustion synthesis (Chapter 8). Discussion of catalytic performance in CO2 methanation of cobalt-promoted mixed oxide catalysts from solution combustion synthesis and optimization of promoter introduction to the matrix (Chapter 9). Study on the application of unmodified and perforated cenospheres as a CO2 methanation catalyst support, discussion of catalytic performance of the supported mixed oxide catalyst (Chapter 10). Study on the open-cell foams-based catalyst as a perspective for the structured catalyst for CO2 methanation, discussion of catalytic performance and mass transfer limitations (Chapter 11).8. General conclusions (Chapter 12). Future perspectives for the research, based on each of the studied series (Chapter 13).The third part (Chapter 7) covers the discussion of the promoting effect of Cu (Subchapter 7.1) and Co (Subchapter 7.2) on the Ni-Mg-Al hydrotalcite-derived catalyst, evaluated by the comparison of the physicochemical properties and catalytic activity. Both promoters were introduced in an amount 0.5, 1, 2, and 4 wt% to a fresh hydrotalcite prepared with coprecipitation at constant pH. It was observed that the addition of copper significantly improves surface basicity, by increasing the number of available medium-strength basic sites, especially when the content of promoter was ca.1-2 wt%. With an increase of Cu promotion, a shift in the position of nickel-related reflections to the direction of Ni-Cu alloy was observed, in the XRD diffractograms of the reduced catalysts. Satisfactory catalytic performance was registered for catalysts with low loading of copper (0.5-1 wt%). Especially the latter resulted in high CO2 conversion at 300 °C (61 %) and selectivity to CH4 above 98%. With an increase in the Cu content, the CO2 conversion and the selectivity of methane decreased significantly. Copper favored the reverse water-gas shift reaction. The nickel crystallite size of the post-run catalyst was significantly smaller due to the redispersion phenomenon.

Chapter 8

 8 covers the thermodynamic calculations on the solution combustion synthesis. The theoretical parameter of the adiabatic flame temperature was calculated for different configurations of catalytic systems, and the results were later compared with the values registered during the synthesis itself. Furthermore, physicochemical evaluation of the synthesized Ni-Mg-Al samples and catalytic tests are presented. This method was applied for optimization of solution combustion synthesis to obtain a catalyst for CO2 methanation with composition and catalytic properties similar to those derived from hydrotalcite. The most optimal conditions for synthesis of Ni-Mg-Al catalysts were: 500 °C and stoichiometric urea content. The subject of Chapter 9 was introduction of cobalt to the Ni-Mg-Al mixed oxide matrix from solution combustion synthesis, to obtain the most visible promotion effect in the therms of catalytic performance. Subchapter 9.1 is focused (similarly to the Subchapter 7.2) on the introduction of an increasing content of promoter, from 0.6 up to 5.1 wt%.

  Chapter 10 was to study the application of cenospheres as a support for the CO2 methanation reaction. Unmodified cenospheres were characterized with no developed specific surface area, and a lack of surface basicity. However, the addition of a layer of Mg-Al mixed oxide was suggested to improve the catalytic performance, to a certain extent. Modification of cenospehres with perforation allowed for the acces to the interior of the sphere, a more uniform distribution of the deposited coating, and increased specific surface area, together with surface besicity. Such catalyst, containing Mg-Al mixed oxides as an interface betweeen the cenospheres (support) and active phase (metallic nickel) showed 88% of CO2 conversion at 300 °C and total selectivity to methane. The last part of the research (Chapter 11) is related to the study on an ZrO2 open cell foam-based catalyst for the CO2 methanation reaction. Two series of analogical catalysts containing 100-150 mg of an Mg-Al oxide interface, and 10-15 wt% of nickel as an active phase were prepared, one on the 30 ppi foam, and second on the 45 ppi foam.

Rozdział 8

 8 zawiera obliczenia termodynamiczne dotyczące syntezy spalania w roztworze. Obliczono adiabatyczną temperaturę płomienia dla różnych konfiguracji układów katalitycznych, a następnie porównano wyniki z wartościami zarejestrowanymi podczas samej syntezy. Ponadto, przedstawiono fizykochemiczną ocenę zsyntetyzowanych próbek oraz testy katalityczne. Metodę tę zastosowano do optymalizacji syntezy spalania w roztworze w celu otrzymania katalizatora do metanizacji CO2 o składzie i właściwościach katalitycznych zbliżonych do katalizatora otrzymanego z hydrotalkitu. Najbardziej optymalnymi warunkami syntezy katalizatorów były: 500 °C i stechiometryczna zawartość mocznika. Przedmiotem rozdziału 9 było wprowadzenie kobaltu do mieszanych tlenków zawierających nikiel, magnez i glin otrzymanych przez syntezę spalania w roztworze, w celu uzyskania najbardziej widocznego efektu promotora w kontekście wydajności katalitycznej. Podrozdział 9.1 koncentruje się (podobnie jak podrozdział 7.2) na wprowadzaniu coraz większej zawartości promotora, od 0,6 do 5,1 % mas. Zastosowanie jednoetapowej syntezy, w której wszystkie prekursory były spalane razem, nie dostarczyło jednoznacznych informacji o korzystnym wpływie Co. Promotor był prawdopodobnie obecny w formie nieaktywnej, w fazie nośnej. W podrozdziale 9.2 zastosowano syntezę dwuetapową, aby zaobserwować, czy wprowadzenie kobaltu jako oddzielnej fazy powierzchniowej lub osadzenie niklu na tlenkowym nośniku Mg-Al-Co jest korzystne. Rozdzielenie syntezy na dwa etapy spowodowało podwojenie liczby centr zasadowych na powierzchni. Dodatkowo kobalt był obecny razem z niklem w fazie aktywnej. Kobalt występował w kilku fazach: kobalt metaliczny, stop kobalt-nikiel, tlenek kobaltu i spinel CoAl2O4 . Najlepszym katalizatorem okazał się ten z Co osadzonym jako oddzielna faza powierzchniowa. Uzyskano na nim 88% konwersji CO2 w temperaturze 300 °C przy całkowitej selektywności względem metanu. Biorąc pod uwagę tak dobre wyniki katalityczne, dla wspomnianego katalizatora przeprowadzono testy z GHSV wynoszącym 24 000 i 48 000 h -1 . Przy najwyższym z badanych GHSV katalizator osiągnął 72% konwersji CO2 w temperaturze 300 °C. Celem rozdziału 10 było zbadanie możliwości zastosowania cenosfer jako nośnika w reakcji metanizacji CO2 . Niemodyfikowane cenosfery charakteryzowały się brakiem rozwiniętej powierzchni właściwej oraz brakiem zasadowości powierzchni. Sugeruje się jednak, że dodanie warstwy tlenku mieszanego Mg-Al w pewnym stopniu poprawia wydajność katalityczną. Modyfikacja cenosfer za pomocą perforacji umożliwiła dostęp do wnętrza, bardziej równomierne rozłożenie osadzonej powłoki oraz zwiększenie powierzchni właściwej wraz z zasadowością powierzchni. Katalizator, zawierający tlenki glinu i magnezu jako interfejs między cenosferami (nośnik) a fazą aktywną (nikiel metaliczny), wykazał 88% konwersji CO2 w temperaturze 300 °C oraz całkowitą selektywność do metanu. Ostatnia część badań (rozdział 11) dotyczy badań nad katalizatorem na bazie pian otwartokomórkowych do reakcji metanizacji CO2. Przygotowano dwie serie analogicznych katalizatorów zawierających 100-150 mg interfejsu tlenkowego zawierającego magnez i glin oraz 10-15% mas. niklu jako fazy aktywnej, jedną na pianie o porowatości 30 ppi, a drugą o porowatości 45 ppi. Głównym czynnikiem wpływającym na wydajność katalityczną były parametry geometryczne piany. Katalizatory oparte na pianie o porowatości 30 ppi wykazywały konwersję CO2 w zakresie 30-50% w temperaturze 300 °C, natomiast katalizatory oparte na pianie 45 ppi wykazywały konwersję 90-92% w tych samych warunkach eksperymentalnych. Przeprowadzono obliczenia wewnętrznego i zewnętrznego transferu masy. Zaobserwowana różnica w aktywności katalitycznej była związana przede wszystkim z transportem wewnątrz porów pianki oraz grubością osadzonej powłoki. Resume de thése L'augmentation continue des niveaux de CO2 émis dans l'atmosphère par des sources anthropiques a influencé l'équilibre naturel du carbone dans l'environnement, entraînant l'effet de serre. La conséquence de cette situation est l'augmentation déjà signalée de la température moyenne à la surface du globe (à un taux moyen de 0,08 °C par décennie depuis 1880) et le changement climatique négatif. L'introduction de différentes technologies de réduction du CO2 , notamment celles basées sur la capture et l'utilisation du carbone, est nécessaire pour limiter le réchauffement de la planète. Une telle stratégie permet de convertir les gaz à effet de serre, tels que le dioxyde de carbone, en produits à forte valeur ajoutée, grâce à un process industriel approprié. La voie la plus intéressante pour la production d'un gaz naturel synthétique est actuellement l'hydrogénation du CO2 en méthane. Selon la bibliographie, le catalyseur le plus optimal pour la méthanation du CO2 est le à base de nickel, en raison du compromis entre son activité, sa sélectivité, sa disponibilité et son coût. Les alternatives sont les métaux nobles tels que le rhodium ou le ruthénium, qui donnent une conversion élevée du CO2 même à basse température. Cependant, leurs prix déjà élevés augmentent continuellement et leur disponibilité est faible. Les catalyseurs industriels dédiés à l'hydrogénation du CO2 en méthane contiennent généralement à ce jour environ 30 à 40 % en masse de nickel, mais l'application d'une telle quantité de phase active peut augmenter le frittage, ce qui entraîne la désactivation. L'augmentation de la température du processus (300-400 °C) et la formation de points chauds dus à la nature exothermique de la réaction sont les principaux facteurs qui contribuent à l'intensification du frittage. La formation de carbone est une autre cause de désactivation du catalyseur de nickel dans la réaction contenant des molécules à base de carbone ; cependant, dans les conditions de réaction étudiées, elle n'est pas favorisée thermodynamiquement. L'exception est la formation de carbure de nickel aux températures inférieures à 250 °C qui désactive temporairement les sites actifs du nickel. Le choix d'une méthode de synthèse optimale, la composition du support, et l'ajout de promoteurs sont des solutions pour améliorer les performances catalytiques du catalyseur au nickel. Les catalyseurs dérivés de l'hydrotalcite ont été étudiés avec succès dans le processus de méthanation du CO2. L'objectif de cette thèse était d'améliorer l'activité des catalyseurs de méthanation du CO2 dérivés de l'hydrotalcite et contenant du Ni en introduisant un nouveau promoteur tel que le Co ou le Cu. Pour atteindre cet objectif, deux séries de catalyseurs avec environ 15 % en masse de nickel et une quantité croissante de promoteur (0,5, 1, 2, 4 % en masse de Cu ou Co) dans l'échantillon frais ont été synthétisées, caractérisées et étudiées. Ainsi ce manuscrit de thèse comprend neuf parties principales : 10. Étude bibliographique portant sur l'histoire et la nature des émissions anthrophogènes de CO2 , les solutions CCU et CCS disponibles (chapitre 3), la nature et la maturité de la réaction de méthanation du CO2 , y compris l'examen des catalyseurs étudiés dans ce processus (chapitre 4), les voies alternatives pour la synthèse des catalyseurs à base d'oxydes mixtes (chapitre 5). 11. La partie expérimentale, où les techniques de caractérisation physicochimique appliquées ont été expliquées, le montage du laboratoire pour les tests catalytiques, et les voies de synthèse choisies (chapitre 6).12. Discussion de la performance catalytique dans la méthanation du CO2 des catalyseurs dérivés d'hydrotalcite promus par le cobalt et le cuivre (chapitre7).Cu, un déplacement de la position des réflexions liées au nickel vers la direction de l'alliage Ni-Cu a été observé, dans les diffractogrammes XRD des catalyseurs réduits.Une performance catalytique satisfaisante a été enregistrée pour les catalyseurs à faible teneur de cuivre (0,5-1% en poids). Ces derniers ont notamment permis d'obtenir une conversion élevée de CO2 à 300 °C (61 %) et une sélectivité de CH4 supérieure à 98 %. Avec l'augmentation de la teneur en cuivre, la conversion du CO2 et la sélectivité du méthane ont diminué de manière significative. L'ajout de cuivre a favorisé la réaction inverse de déplacement de gaz vers l'eau. La taille des cristallites de nickel du catalyseur de après réaction était significativement plus petite en raison du phénomène de redispersion.Au contraire du cuivre, le catalyseur promu par le cobalt était très sélectif pour le méthane et était plus actif. L'introduction de quantités même faibles de promoteur a conduit à une augmentation de la surface spécifique, de site basiques de force moyenne et forte. Une teneur plus élevée en Co (2-4% en poids) a amélioré la réductibilité du nickel. Compte tenu de ce qui a été présenté, le cobalt peut être identifié comme un promoteur textural et électronique. La meilleure performance catalytique a été enregistrée pour le catalyseurw avec 1 % en masse de Co. Ce dernier a conduit à une conversion de 77 % du CO2 à 300 °C, avec une sélectivité du méthane supérieure à 99 %. Le chapitre 8 traite des calculs thermodynamiques de la synthèse par combustion en solution. Le paramètre théorique de la température adiabatique de la flamme a été calculé pour différentes configurations de systèmes catalytiques, et les résultats ont ensuite été comparés aux valeurs enregistrées pendant la synthèse elle-même. De plus, l'évaluation physico-chimique des échantillons Ni-Mg-Al synthétisés et les tests catalytiques sont présentés. Cette méthode a été appliquée pour l'optimisation de la synthèse par combustion en solution afin d'obtenir un catalyseur pour la méthanation du CO2 améliorer la performance catalytique, dans une certaine mesure. La modification des cénospères par perforation a permis l'accès à l'intérieur de la sphère, une distribution plus uniforme du revêtement déposé, et une augmentation de la surface spécifique, ainsi que de la basicité de surface. Un tel catalyseur, contenant des oxydes mixtes Mg-Al comme interface entre les cénosphères (support) et la phase active (nickel métallique) a montré une conversion de 88% du CO2 à 300 °C et une sélectivité totale pour le méthane. La dernière partie de la recherche (chapitre 11) est liée à l'étude d'un catalyseur à base de mousse à cellules ouvertes à base ZrO2 pour la réaction de méthanation du CO2 . Deux séries de catalyseurs analogues contenant 100-150 mg d'une interface d'oxyde Mg-Al, et 10-15% en poids de nickel comme phase active ont été préparées, l'une sur la mousse 30 ppi, et la seconde sur la mousse 45 ppi. Le principal facteur ayant une influence sur la performance catalytique était les paramètres géométriques de la mousse. Les catalyseurs basés sur la mousse OCF de 30 ppi ont montré une conversion du CO2 de l'ordre de 30-50 % à 300 °C, tandis que ceux basés sur la mousse de 45 ppi ont montré 90-92 % dans les mêmes conditions expérimentales. Des calculs du transfert de masse interne et externe ont été effectués. Il a été conclu que la différence observée dans l'activité catalytique était principalement liée au transport radial à l'intérieur des pores de la mousse et à l'épaisseur du revêtement déposé.
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		14.90 μPa•s		
	Viscosity	at 25 °C 70 μPa•s at	Heat capacity	37.135 J/K•mol
		195 °C		

1. Physicochemical properties of carbon dioxide

[START_REF] Span | A new equation of state for carbon dioxide covering the fluid region from the triple-point temperature to 1100 K at pressures up to 800 MPa[END_REF] 

-

[START_REF] Chang | The solubility of carbon dioxide in organic solvents at elevated pressures[END_REF] 

  This mechanism was reported in catalytic systems such as Ni-USY zeolite, Ni-zirconia, and others[START_REF] Miao | Catalysis mechanisms of CO2 and CO methanation[END_REF][START_REF] Shen | Essential role of the support for nickel-based CO2 methanation catalysts[END_REF][START_REF] Westermann | Insight into CO2 methanation mechanism over NiUSY zeolites: An operando IR study[END_REF] At 150 °C, the spectra show CO2 carbonate on the support and carbonyl on the Ni sites.

	With an increase in temperature, carbonate undergoes hydrogenation to become
	bicarbonate, which is quickly dehydrated to formate. At the same time, the carbonyl bands
	on Ni remain stable [76].

The hydrogen adatoms were provided by Ni. It is also assumed that methane and carbon monoxide are formed in two separate reactions. Methane originates from successive hydrogenation of formate, whereas CO is a by-product of CO2 reduction (for example, at Ce 3+ sites). The registered depletion of the formate signal resulted in increased methane formation.

At temperatures below 200 °C, carbonate is hydrogenated to format and adsorbed onto Ni sites. At 300 °C and above, formate undergoes dehydration to carbonyl and subsequent hydrogenation to CH4 or is desorbed as CO.

Typically, spectra show 5 types of species: carbonate → bicarbonate → formate → methane and carbon monoxide, among which formate is the main intermediate for methane formation

Table 4 .
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		1. Possible reactions during methanation [84]	
	Reaction formula	ΔH 0	298	Reaction	Eq.
		[kJ•mol -1 ]	description	
	CO+3H2↔CH4+H2O	-206.1	CO	4.2
				methanation	
	CO2+4H2↔CH4+2H2O	-165.0	CO2	4.3
				methanation	

Table 4 .
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	No. Name	Description
	1	Air Liquid	Process based on 2 fixed-bed reactors with intermediate
		(former Lurgi)	cooling and gas recycling. Based on experience from crude oil
			refiners and coal gasification plants. Commercially available.
	2	Haldor Topsøe Known as Topsøe Recycle Energy-efficient Methanation
			(TREMP). Similar to Lurgi, but based on 3-4 adiabatic fixed-
			bed reactors, focused on high-temperature methanation (up to
			700 °C). Commercially available, i.e. GoBiGas plant.

2. Established methanation concepts based on adiabatic fixed-bed methanation

[START_REF] Rönsch | Review on methanation -From fundamentals to current projects[END_REF] 

Totzek gasifier. On the basis of the series of several fixed-bed reactors with intermediate cooling. Steam was added between the reactors to control the temperature.

6

Clariant and

Foster Wheeler

Process based on 3 series fixed bed reactors with steam addition as temperature control. Commercially available.

7

Johnson

Table 4 .3. Current hydrogenation of CO2 to CH4 projects [86,88-90] Name Location Partners Power input Status Year Hashimoto CO2 recycling plant

 4 

			.3, the plants currently available operating in the CO2 methanation
	reaction are compared. Most of the listed facilities are categorized as pilot plants, only
	two are commercial. Furthermore, the country leading in the development of CO2
	hydrogenation to methane is Germany, which is explained by the energy policy oriented
	to limit the emission of carbon dioxide. Depending on the scale of the plant, different
	power inputs are recorded, although the most famous plant in Wertle (Audi) is reported
	with a power of 6.3 MW. The SNG produced in Werlte is then applied, i.e. as a fuel for
	cars. The installation is capable of producing a maximum of 325 Nm 3 of SNG per hour.
	One of the latest projects is methanation plant in Łaziska Górne in Poland. The Tauron
	pilot installation is designed to convert 4.5 m 3 of CO2 per hour in the temperature range
	of 300 to 350 °C, which will lead to the production of 4.4 m 3 /h of methane. [86,88-90]
			Japan,	IMR	n.m.	Pilot plant	1996
			Sendai			
	PtG project	USA,	University of	1 kW	Pilot plant	2013
	of University	Chicago	Chicago,		
	of Chicago		Electrochaea		
	PtG ALPHA	Germany,	ZSW, IWES 25 kW	Pilot plant	2012
	plant	Bat	Bad			
	Hersfeld		Hersfeld			

Table 4 .
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		4. Comparison of Ni-based catalysts with different alumina/silica support materials for CO2
				methanation (fixed-bed reactor)		
	No. Ni	Support	Activity	Selectivity	Conditions		Preparation	Ref.
		content		[%]	to CH4 [%]			method
		15 wt% Nanosheet	67	100	350℃,		incipient	[103]
			γ-Al2O3			H2/CO2 = 4		wetness
			Nanoplate	65	100	GHSV	=	impregnation
			γ-Al2O3			60 000 ml•h -	
						1 •gcat -1		
		20 wt% γ-Al2O3	77	100	350℃,		impregnation [104]
						H2/CO2 = 3.5	
						GHSV	=	
						9 000 ml•h -	
						1 •gcat -1		
	3	5 wt%	γ-Al2O3	92	100	450℃,		electrolysis	[105]
			(commercial,			H2/CO2 = 4		
			Sigma-Aldrich)			GHSV	=	
						24 000 ml•h -	
						1 •gcat -1		
		15 wt% ordered	84	97	400℃		evaporation	[106]
			mesoporous			H2/CO2 = 5	induced self-
			Al2O3			GHSV	=	assembly
						91000 ml•h -	technique
						1 •gcat -1 ,		
		25 wt%	γ-Al2O3	93	100	350℃,		wet	[107]
			microspheres			H2/CO2 = 4	impregnation
			(Saint-Gobain			GHSV = 40	
			NorPro)			000 ml•h -		
						1 •gcat -1		
		23 wt%	CaO /Al2O3	81	99	400℃		commercial	[108]
						H2/CO2 = 4,	catalyst
						GHSV = 15	
						000 ml•h -		
						1 •gcat -1		
		39 wt% 95% Al2O3 + 5%	81	93	450℃		wet	[120]
			SiO2			H2/CO2 = 5	impregnation
						GHSV= 52		of
						300 ml•h -		commercial
						1 •gcat -1 ,		support
		30 wt%	Al2O3+ SiO2	80	98	T= 350℃		sol-gel	[110]
			(molar ratio 0.5)			H2/CO2 = 3.5	method
						GHSV =9		
						000 ml•h -		
						1 •gcat -1 ,		
		33 wt%	SiO2	96	-	T= 300℃		wet	[111]
						1 mol% CO2,	impregnation
						50 mol% H2,	
						GHSV =60		
						000 ml•h -		
						1 •gcat -1 ,		
	10	5 wt%	SiO2 -rice husk	60	91	500℃		incipient	[112]
			ash			H2/CO2 = 4,	wetness
						GHSV = -		impregnation
	11	8.5	Silica	80	98	400 ℃,		impregnation [113]
		wt%	microspheres			H2/CO2= 4		
						GHSV =		
						46000 ml•h -	
						1 •gcat -1		

Table 4 .5. Comparison of Ni-based catalysts with different Ce or Zr-based support materials for CO2 methanation (fixed-bed reactor) No. Ni content Support Activity [%] Selectivity to CH4 [%] Conditions Preparation method Ref.

 4 

	1	10 wt%	CeO2	100	100	250 ℃,	wet	[121]
						1 mol% CO2,	impregnation	
						50 mol% H2		
						GHSV = 60		
						000 ml•h -		
						1 •gcat -1		
	2	10 wt%	CeO2	90	100	300 ℃	wet	[122]
			+			H2/CO2= 4	impregnation	

Table 4 .
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	6. Comparison of Ni-based catalysts with various oxide support materials for CO2 methanation
	(fixed-bed reactor)

No. Ni content Support Activity [%] Selectivity to CH4 [%] Conditions Preparation method Ref.

  

		3	10 wt%	La2O3	100	100	380 ℃	incipient	[140]
								H2/CO2 = 4	wetness
								GHSV = 11 000	impregnation
								ml•h -1 •gcat -1
		4	10 wt%	TiO2	73	70	350 ℃	dielectric	[141]
								H2/CO2= 4	barrier
								GHSV= 60 000	discharge
								ml•h -1 •gcat -1
		5	92.5		sponge	83	100	250 ℃	commercial Ni	[142]
			wt%					H2/CO2= 4	sponge
								GHSV = 4200
								ml•h -1 •gcat -1
	1	10 wt%	Y2O3	88	90		350 ℃,	wet	[136]
								H2/CO2= 4	impregnation
								GHSV = 40 000
								ml•h -1 •gcat -1
	2	40 wt%	Nb2O5	91	99		325 ℃,	wet	[138]
								H2/CO2 = 4	impregnation
								GHSV = 20 600
								ml•h -1 •gcat -1

Table 4 .
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	7. Comparison of Rh-based catalysts with different support materials for CO2 methanation
	(fixed-bed reactor)

No. Active material Support Activity [%] Selectivity to CH4 [%] Conditions Preparation method Ref.

  

	1	Rh foil	-	100	100	300 ℃,	commercial	[145]
						H2/CO2= 3		
						GHSV = -		
						ml•h -1 •gcat -1		
	2	mesoporous	-	99	81	550 ℃,	wet chemical	[146]
		Rh				H2/CO2= 4	reduction	
						GHSV = 48	approach	
						000		
						ml•h -1 •gcat -1		
	3	1 wt % Rh	γ-Al2O3	80	100	400 ℃,	nozzle flame	[147]
						H2/CO2= 4	spray	
						GHSV = 6 000	pyrolysis	
						ml•h -1 •gcat -1		
	4	Rh-on-Pd	Al2O3	88	88	300 ℃,	modified	[148]
						H2/CO2= 2	polyol	
						GHSV = 12	synthesis	
						500		
						ml•h -1 •gcat -1		
	5	2 wt% Rh	PSAC	55	74	210 ℃,	incipient	[149]
						H2/CO2= 4	wetness	
						GHSV = -	impregnation	
						ml•h -1 •gcat -1		

Table 4 .
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		8. Comparison of Ru-based catalysts with different support materials for CO2 methanation (fixed-
					bed reactor)			
	No.	Active	Support	Activity	Selectivity	Conditions	Preparation	Ref.
		material		[%]	to CH4		method	
					[%]			
	1	1 wt% Ru	Al2O3	82	100	350 ℃,	ethylene	[158]
						H2/CO2= 4	glycol	
						GHSV = 10	reduction	
						000		
						ml•h -1 •gcat -1		
	2	Ru/Mn/Ce	Al2O3	98	91	200 ℃,	wetness	[159]
		5:30:65				H2/CO2= 4	impregnation	
						GHSV = 636		
						ml•h -1 •gcat -1		
	3	Ru/Mn/Nd	Al2O3	100	100	400 ℃,	incipient	[160]
		5:20:75				H2/CO2= 4	wetness	
						GHSV = 636	impregnation	
						ml•h -1 •gcat -1		
	4	Ru/Mn/Cu	Al2O3	100	70	220 ℃,	incipient	[161]
						H2/CO2= 4	wetness	
						GHSV = 9 600	impregnation	
						ml•h -1 •gcat -1		
	5	5wt% Ru	5wt% TiO2	81	-	375 ℃,	wet-	[162]
			-Al2O3			H2/CO2= 4	impregnation	
						GHSV = 60	method	
						000		
						ml•h -1 •gcat -1		

Table 4

 4 

	.9. Comparison of Pt-and Pd-based catalysts with different support materials for CO2 methanation
	(fixed-bed reactor)

No. Active material Support Activity [%] Selectivity to CH4 [%] Conditions Preparation method Ref.

  

								H2/CO2= 4
							GHSV = 15 000
								ml•h -1 •gcat -1
	7	Ni0.75Pd0.25 SBA 15	96	94		430 ℃	ultrasonic	[171]
								H2/CO2= 4	stirring
								GHSV = 6 000	followed by
								ml•h -1 •gcat -1	drying
		1	1.67 wt%	TiO2		10	1.6	350 ℃,	incipient	[168]
			Pt					H2/CO2= 4	wetness
								GHSV = 120	impregnation
								h -1
		2		SiO2		9	0.01	350 ℃,
								H2/CO2= 4
								GHSV = 25
								h -1
		3	6.2 wt% Pd	SiO2		41	10	450 ℃	reverse	[85]
		4	6.2 wt% Pd			59	95	H2/CO2= 4	microemulsion
			3.6 wt%Mg					GHSV = -
								ml•h -1 •gcat -1
		5	2 wt% Pd	silica		80	67	400 ℃	nanoparticles	[169]
				shell				H2/CO2= 4	embedded in
								GHSV = -	mesoporous
								ml•h -1 •gcat -1	silica
		6	6 wt% Pd	UiO 66	55	100	340 ℃	sol-gel method [170]

Table 4 .
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	No.	Active	Support	Activity	Selectivity	Conditions	Preparation	Ref.
		material		[%]	to CH4		method	
					[%]			
	1	Co	unsupported	51	17	450 ℃,	Co2(CO)8	[178]
		nanoparticles				H2/CO2= 5	thermal	
						GHSV = 55	decomposition	
						000		
						ml•h -1 •gcat -1		
	2	20 wt% Co	SiO2	67	64	370 ℃,	wet	[179]
						H2/CO2= 4	impregnation	
						GHSV = 55		
						000		
						ml•h -1 •gcat -1		
	3	35 wt% Co	CNT	86	100	320 ℃,	impregnation	[180]
	4		CNT-Nb2O5	93	100	H2/CO2= 5/2		
	5		Nb2O5	100	100	GHSV = 2		
						500		

[START_REF] Witkowski | Analysis of pipeline transportation systems for carbon dioxide sequestration[END_REF]

. Comparison of catalysts with materials such as Co, Cu, Fe, and V in various support materials for CO2 methanation (fixed-bed reactor)

Table 4 .

 4 [START_REF] Chang | The solubility of carbon dioxide in organic solvents at elevated pressures[END_REF]. Comparison of catalysts with Mo, La, and W compounds in various oxide support materials for CO2 methanation (fixed-bed reactor)

	No.	Active	Support Activity	Selectivit	Conditions	Preparation	Ref.
		material		[%]	y to CH4		method	
					[%]			
	1	MoS2	graphen	60	97	600 ℃,	pyrolysis	[189]
			e			H2/CO2= 3		
						GHSV = 4 500		
						ml•h -1 •gcat -1		
	2	15 wt% MoO3	Al2O3	36	52	600 ℃,	wet	[190]
						H2/CO2= 4	impregnation	
						GHSV = 5 000		
						ml•h -1 •gcat -1		
	3	Ni-Mo2C	γ-Al2O3	14	98	350 ℃,	excess	[191]
						H2/CO2= 4	solvent	
						GHSV =	impregnation	
						20 000		
						ml•h -1 •gcat -1		
	4	Ni2Mo3N	γ-Al2O3	25	23	350 ℃,	thermo-	[192]
						H2/CO2= 2.6	programmed	
						GHSV =	reduction	
						6 900		
						ml•h -1 •gcat -		
	5	5 wt% Mo	Al2O3	17	-	250 ℃,	co-	[193]
		15 wt% Ni				H2/CO2= 2	impregnation	
						GHSV =		
						22 300		
						ml•h -1 •gcat -		

Table 4 .

 4 12. Comparison of hydrotalcite-based catalysts for CO2 methanation (fixed-bed reactor) Industrial catalysts for CO2 methanation are preferably based on nickel or eventually ruthenium. According to the Johnson Matthey patent on methanation process, such catalyst applied to reactor should have the following properties: active material such

	No.	Active	Support	Activity	Selectivity	Conditions	Preparation	Cit.
		material		[%]	to CH4		method	
					[%]			
	1	Ni ~75	Ni/Al	86	97	300 ℃,	co-	[198]
		wt%	hydrotalcite			H2/CO2= 4	precipitation	
						GHSV =		
						20 000		
						ml•h -1 •gcat -		
	2	Ni ~75	Ni/Al	82	99	350 ℃,	co-	[199]
		wt% +K	hydrotalcite			H2/CO2= 4	precipitation	
						GHSV =		
						75 000		
						ml•h -1 •gcat		
	3	Ni 10 wt%	Mg/Al	86	86	350 ℃,	impregnation	[200]
			hydrotalcite			H2/CO2= 4	of co-	
						GHSV =	precipitated	
						15 000	material	
						ml•h -1 •gcat		
	4	Ni 42.5	Ni/Mg/Al	80	>99	350 ℃,	co-	[201]
		wt%	hydrotalcite			H2/CO2= 4	precipitation	
						GHSV =		
						12 000		
						ml•h -1 •gcat		
	5	Ni 15 wt% Ni/Mg/Al/La	78	98	350 ℃,	co-	[202]
			hydrotalcite			H2/CO2= 4	precipitation	

as Ni or Rh, Ni content of 30-40 wt%, may be formed to pellets or extrudates, and also foam, monolith or coating on an inert support with a special emphasis on pellets. The precipitated Ni catalyst CATALCO TM CRG-S2R is suggested, with an active material content >40 wt% produced by Johnson Matthey PLC

[205]

.

Table 4 .

 4 13. Comparison of industrially available catalysts for CO2 methanation

	No.	Brand	Name	Active material	Active material	Cit.
					content [wt%]	
	1	Johnson Matthey	CRG-S2R	Ni	>40%	[205]
	2		KATALCO JM-11		n.m.	[206]
	3	Lurgi	G1-85 Rings	Ni	55	[207]
	4		G1-85 Tablets		55	
	5		G1-86HT		45	
	6	Haldor Topsøe	MCR-2	Ni	n.m.	[208]
	7		PK-7R	n.m.	n.m.	[209]

The

Katalco 11 

series methanation catalyst designed by Johnson Matthey is a Nibased pelletized catalyst. The producer describes it as 'extremely robust'. Its operating temperature starts at 220 ° C and KATALCOJM 11-4 is reported to have the highest nickel loading among commercially available methanation catalysts. The Lurgi Mk PlusTM coal gasifier technology applied for SNG production is a process based on 3 reactors, where the first reactor works in the highest temperature

Table 5 .

 5 1. Expected chemical composition of gray and white cenospheres[START_REF] Gmbh | TYMO MINERALIEN GMBH White Cenospheres[END_REF][START_REF] Gmbh | TYMO MINERALIEN GMBH Grey Cenospheres[END_REF] 

		Al2O3 [wt%] SiO2 [wt%] Fe2O3 [wt%] K2O [wt%] Na2O [wt%]
	Gray	20 -30	55 -65	3 -6	1 -4	1 -2
	White 30 -40	50 -60	1 -3	0 -1	0 -1

Table 6 .
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		1. Equilibrium data for CO2 methanation
	Temperature [°C] CO2 conversion	CH4 selectivity
		[%]	[%]
	100	99.872	100
	121	99.771	99.999
	142	99.613	99.999
	163	99.376	.99.999
	184	99.033	99.999

Table 6 .

 6 2. List of the studied catalysts

	No.	Name of the sample	Synthesis	Thermal	Promoter
			method	factor	[wt%]
		Reference catalyst (Chapter 7)	
	1	HTNi	Co-precipitation	Calcination	-
		Influence of promoters (Chapter 7)	
	2	HTNiCu0.5	Co-precipitation	Calcination	0.7 Cu
	3	HTNiCu1			1.3 Cu
	4	HTNiCu2			2.5 Cu
	5	HTNiCu4			5.1 Cu
	6	HTNiCo0.5			0.7 Co
	7	HTNiCo1			1.3 Co
	8	HTNiCo2			2.5 Co
	9	HTNiCo4			5.1 Co
		Solution combustion synthesis (Chapter 8)	
	10	SCS_100_300	Solution	Laboratory	-
	11	SCS_175_300	combustion	furnace	-
	12	SCS_100_500	synthesis		-
	13	SCS_175_500			-
		Cobalt promotion in SCS samples (Chapter 9)	

Table 7 .

 7 1. Unit cell parameters of LDHs calculated according to XRD results

	Sample	c (Eq. 7.1) [Å] c (Eq. 7.2) [Å]	a [Å]	c' [Å]	Anion
	HTNi	23.58	23.42	3.06	7.81	CO3 -2
	HTNiCu0.5	23.75	23.63	3.06	7.88	CO3 -2
	HTNiCu1	23.86	23.52	3.06	7.84	CO3 -2
	HTNiCu2	23.62	23.42	3.06	7.81	CO3 -2
	HTNiCu4	23.83	23.48	3.06	7.83	CO3 -2

Table 7 .

 7 2. Theoretical and actual composition of Cu-promoted hydrotalcite-derived samples

	Name	Ni/Mg/Al	Ni content [wt%]	Cu content [wt%]	Al content	Mg content
		molar ratio	Assumed	Measured	Assumed	Measured	(measured)	(measured)
			(fresh)	(calcined)	(fresh)	(calcined)	[wt%]	[wt%]
	HTNi	0.22/0.53/0.	15.5	17.9	-	-	9.0	17.0
		25						
	HTNiCu0.	0.22/0.53/0.	15.5	18.3	0.5	0.6	9.0	17.0
	5	25						

Table 7 . 3
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. Specific surface area, total pore volume, and mean pore diameter for calcined Cu-promoted LDHs

No.

Sample Specific surface area [m 2 /g] Total pore volume [cm 3 /g] Mean pore diameter [nm]

  

	1	HTNi	165	0.55	13.35
	2	HTNiCu0.5	185	0.35	7.46
	3	HTNiCu1	175	0.36	8.34
	4	HTNiCu2	169	0.42	9.85
	5	HTNiCu4	169	0.42	9.87

Table 7 . 4
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. Distribution of the basic centers (from CO2-TPD) of the reduced

catalysts Sample Basic sites [μmol/g] Basic sites distribution [%]

  

		Weak Medium Strong Total	Weak	Medium	Strong
	HTNi	23	25	25	74	31	34	34
	HTNiCu0.5	20	142	29	190	11	75	15
	HTNiCu1	34	154	47	235	14	66	20
	HTNiCu2	17	176	33	226	10	78	15
	HTNiCu4	16	108	50	175	7	48	22

Table 7 . 5
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	Tempe	HTNi HTNi	HTNi	HTNi	HTNi	HTNi	HTNi	HTNi	HTNi	HTNi
	rature		Cu0.5	Cu1	Cu2	Cu4		Cu0.5	Cu1	Cu2	Cu4
	[°C]										
	250	1	9	9	1	1	96	93	89	46	2
	300	27	51	61	23	18	96	98	98	70	9
	350	61	80	86	63	28	97	99	99	95	23
	400	74	86	85	78	50	97	99	99	97	52
	450	77	80	80	78	62	95	97	97	95	73

. Values of the CO2 conversion and CH4 selectivity at the studied temperatures

CO2 conversion [%]

CH4 Selectivity [%]

Table 7 .

 7 6. Ni 0 crystallite size for reduced and post-run Cu-promoted hydrotalcite-derived catalysts

	Sample		Reduced		After reaction
			XRD	TEM	XRD	
	HTNi	Ni	14	13	Ni	17
	HTNiCu0.5	Ni-Cu	11	-	Ni	7
	HTNiCu1	Ni-Cu	10	11.2	Ni	4
	HTNiCu2	Ni-Cu	10	-	Ni	5
	HTNiCu4	Ni-Cu	13	7.2	Ni	4

  2-anions, accompanied by NO3 -(ca. 8.79 Å) or OH -(7.55 Å).

Table 7 .
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	2)	a	c'	Anion

7

. Unit cell parameters of LDHs calculated according to XRD results c (Eq. 7.1) c (Eq. 7.

Table 7 .

 7 8. Theoretical and actual composition of cobalt-promoted hydrotalcite-derived samples

	Name	Ni/Mg/Al	Ni content [wt%]	Co content [wt%]	Al content	Mg content
		molar ratio	Ni content		Co content		(measured)	(measured)
							[wt%]	[wt%]
			Asumed	Measured	Asumed	Measured	
			(fresh)	(calcined)	(fresh)	(calcined)	
	HTNi	0.22/0.53/0.25 15.5	17.9	-	-	9.0	17.0
	HTNiCo0.5	0.22/0.53/0.25 15.5	18.1	0.5	0.7	8.9	16.7
	HTNiCo1	0.22/0.52/0.25 15.5	20.9	1	1.3	10.1	18.4
	HTNiCo2	0.22/0.52/0.25 15.4	18.5	2	2.4	9.1	16.5
	HTNiCo4	0.22/0.50/0.25 15.3	19.1	4	5.0	9.4	15.8
	The XRD diffractograms for the thermally decomposed LDHs promoted with
	cobalt is presented in Fig. 7.16. As expected, hydrotalcites were decomposed into mixed
	oxides with a periclase-like structure (ICDD 00-045-0946) confirmed with reflections at
	2θ of 36.9 deg (111), 42.9 deg (200), 62.3 deg (220), 74.7 deg (311), and 78.6 deg (222).

Table 7 .

 7 [START_REF] Span | A new equation of state for carbon dioxide covering the fluid region from the triple-point temperature to 1100 K at pressures up to 800 MPa[END_REF]. Specific surface area and porous properties of the calcined cobalt-promoted catalysts

	Sample	SBET	Total pore	dp	Vmesopores
		[m 2 /g]	volume	[nm]	[cm 3 /g]
			[cm 3 /g]		
	HTNi	165	0.55	13	0.52
	HTNiCo0.5	215	0.49	13	0.47
	HTNiCo1	213	0.50	10	0.49
	HTNiCo2	194	0.35	11	0.33
	HTNiCo4	212	0.35	9	0.33

Table 7 .

 7 [START_REF] Witkowski | Analysis of pipeline transportation systems for carbon dioxide sequestration[END_REF]. Distribution of basic sites for reduced cobalt-promoted, hydrotalcite-derived catalyst

		Weak	Medium	Strong	Total	Weak	Medium	Strong
		[μmol/g]	[μmol/g]	[μmol/g]	[μmol/g]			
						[%]	[%]	[%]
	HTNi	23	25	25	74	31	35	34
	HTNiCo0.5	10	78	82	170	6	46	48
	HTNiCo1	18	66	94	178	10	37	53
	HTNiCo2	10	54	51	116	9	47	44
	HTNiCo4	16	35	44	95	17	37	47

Table 7 .
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		HTNi	HTNiCo0.5	HTNiCo1	HTNiCo2	HTNiCo4
	Ni 0	8	38	49	39	45
	Ni-Co	-	21	21	19	20
	NiO	78	25	19	21	25
	Ni(OH)2 or NiAl2O4	14	16	11	21	10

[START_REF] Chang | The solubility of carbon dioxide in organic solvents at elevated pressures[END_REF]

. The relative area of Ni 2p3/2 peaks for hydrotalcite-derived samples based on XPS measurement

Table 7 .

 7 [START_REF] Mulhern | A 4.5 Billion-Year History of CO2 in our Atmosphere[END_REF]. The particle size of Ni° of reduced catalysts calculated from XRD, TEM, H2-chemisorption; dispersion calculated from TEM and H2-chemisorption measurements; Site Time Yields calculated at 300°C

		HTNi HTNiCo0.5 HTNiCo1 HTNiCo2 HTNiCo4
	Ni° particle size (XRD) (nm)	14	12	16	27	21
	Ni° particle size (TEM) (nm)	13	13	11	27	24
	Ni° particle size (H2-Chemisorption)	17	10	9	18	22
	(nm)					
	Dispersion calculated from H2-	3.2	10.5	11.8	5.5	4.7
	chemisorption (%)					
	Dispersion calculated from TEM (%)	6.7	7.9	8.6	3.7	4.2
	STY [mmol•g -1 •h -1 ]	27.28	76.63	49.63	25.59	24.39
	Calculated from TEM					

Table 8 .

 8 

1. Formation enthalpies and heat capacities for the chosen

compounds Compound ΔH 0 f [kJ/mol] Cp [J/mol] Al(NO3)3 •9H2O

  

		-3590.56	-
	Ni(NO3)2 •6H2O	-2211.7	-
	Mg(NO3)2 •6H2O	-3310.5	-
	urea	-333.4	-
	Al2O3	-400.4	24.73
	NiO	-239.7	44
	MgO	-601.6	47.27
	N2	0	27+0.004•T
	CO2	-393.5	43+0.011•T
	O2	0	25+0.015•T
	H2O	-241.82	30+0.015•T

Table 8 .

 8 2. Adiabatic temperature and measured flame temperatures for the studied reactions.

	φ (%)	Tad [°C]	Measured	Measured
			flame	flame

Table 8 .

 8 3. Specific surface area and porous properties of the SCS-derived catalysts

	No.	Catalyst	SBET [m 2 /g]	Total pore volume [cm 3 /g]	dp [nm]	Vmesopores [cm 3 /g]
	1. SCS_100_300	113	0.151	5.3	0.119
	2. SCS_175_300	78	0.027	3.9	0.021
	3. SCS_100_500	132	0.085	2.6	0.045
	4. SCS_175_500	81	0.056	2.7	0.035

  XRD for the reduced catalysts is presented. All of the tested samples resulted in the three crystalline phases, such as periclase, spinel, and metallic nickel. Similarly as in the case of hydrotalcite-derived samples discussed in Chapter 7, high temperature applied during reduction was sufficient for the formation of spinel-type oxide from Mg(Ni,Al)Ox matrix[START_REF] Aksel | Spinel formation, reaction conditions and densification properties of magnesia-spinel composites[END_REF]. Probably, MgAl2O4 spinel was observed in all of the samples.

		10	22.42	23.01	10.45
	SCS_175_300	14	23.14	23.30	10.78
	SCS_100_500	22	24.91	23.87	11.88
	SCS_175_500	15	25.85	24.43	11.49
	In Fig. 8.7				

Furthermore, in the SCS_175_500 catalyst a NiAl2O4 phase is expected to be present, as explained above. Ni 0 phase formation (ICDD 03-065-0380) is assigned to reduction of periclase-like matrix and other nickel containing oxide species. Its presence was confirmed with three sharp reflections at 2θ of 44.3 deg (111), 51.7 deg

[START_REF] Fan | Improved activity of Ni/MgAl2O4 for CO2 methanation by the plasma decomposition[END_REF]

, and 76.1

Table 8 .

 8 5. Distribution of the basic centers (from CO2-TPD) of the reduced catalysts

	Catalyst	Weak [μmol/g]	Medium [μmol/g]	Strong [μmol/g]	Total [μmol/g]
	SCS_100_300	51	55	41	147
	SCS_175_300	19	48	2	69
	SCS_100_500	35	152	77	264
	SCS_175_500	72	75	70	217

Table 8 .

 8 6. The contribution of the detected Ni-containing species to the surface (%), according to XPS

		SCS_100_300	SCS_175_300 SCS_100_500 SCS_175_500
	Ni	27	18	21	22
	NiO	43	47	35	26
	Ni(OH)2	30	35	30	32
	NiAl2O4	-	-	14	20

Table 8 .

 8 7. The dispersion and TOF at 300 °C for the mixed-oxide derived materials

	SCS_100_300 SCS_175_300 SCS_100_500 SCS_175_500 HT
	Dispersion				
	4.7	4.0	4.5	4.2	7.4
	[%]				

Table 9 .

 9 1. Specific surface area and porous properties of the SCS-derived catalysts promoted with cobalt

	Catalyst	SBET [m 2 /g]	Total pore volume [cm 3 /g]	dp [nm]	Vmesopores [cm 3 /g]
	SCSNiCo0.7	100	0.079	3.1	0.051
	SCSNiCo1.3	105	0.080	3.0	0.055
	SCSNiCo2.5	140	0.103	2.9	0.072
	SCSNiCo5.1	141	0.103	2.9	0.077

Elemental composition of SCS-derived samples with an increasing content of Co is presented in Table

9

.2. The obtained samples resulted in a lower content of Ni, Mg, and Al than the unpromoted SCS_175_300 catalyst obtained in the same thermal regime.

Table 9 .

 9 2. Average Ni 0 crystallite size in the reduced catalysts, based on Scherrer equation; content of Ni, Mg and Al in the obtained catalysts, based on ICP results

	Catalyst	Average Ni 0 size [nm]	Ni content [wt%]	Mg content [wt%]	Al content [wt%]	Co content [wt%]
	SCSNiCo0.7	11	17.98	17.21	8.98	0.70
	SCSNiCo1.3	7	19.45	17.96	9.47	1.39

Table 9 .

 9 4. All the samples showed similar specific surface area, 87 m 2 /g for SCSCoNi_double, 99 m 2 /g for SCSNiCo_double, and the highest of 105 m 2 /g for SCSNiCo1.3. The total pore volume and mesoporosity recognized for SCSNiCo1.3 and

			Total pore volume	dp	Vmesopores
			[cm 3 /g]	[nm]	[cm 3 /g]
	SCSNiCo1.3	105	0.080	3.0	0.055
	SCSNiCo_double	99	0.075	3.0	0.057
	SCSCoNi_double	87	0.092	4.2	0.069
	Textural properties of the catalysts promoted with ca. 1.3% of cobalt are compared in

Table 9 .

 9 5. Average Ni 0 crystallite size in the reduced SCS-derived catalysts promoted with Co, based on Scherrer's equation; content of Ni, Mg, Al and Co in the obtained samples, based on ICP results This is in agreement with XRD for the reduced samples discussed in the previous chapters. Similarly, the periclase phase (ICDD 00-045-0946) was confirmed with reflections at 2θ of 7.97 deg (111), 9.21 deg (200), 13.03 deg (220), 15.29 deg (311), 15.98 deg (222), 20.68 deg (420), 22.67 deg (422). The application of the Si (111) monochromator allowed one to distinguish peaks to actually three spinel-type phases. The first six characteristic reflections characteristic for the MgAl2O4 spinel (ICDD 01-070-5187) overlaps with signal from CoAl2O4 spinel and NiAl2O4 spinel. The mentioned peaks are located at 2θ of 4.16 deg (111), 6.79 deg (022), 11.77 deg (242), 12.49 deg (151), 13.60 deg (044), and 15.78 deg (353). CoAl2O4 (ICDD 00-038-0814) was possible to separate in the spectra from other ternaty oxides due to the presence of reflections at high 2θ values such as 18.47 deg (731), 23.00 deg (931), 23.63 deg (844), 24.97 deg (951). The strongest peaks of this phase are located at

	Catalyst	Average Ni 0	Ni	Mg	Al	Co
		size [nm]	content	content	content	content
			[wt%]	[wt%]	[wt%]	[wt%]
	SCSNiCo1.3	7	19.45	17.96	9.47	1.39
	SCSNiCo_double	10	17.03	14.74	8.25	1.24
	SCSCoNi_double	8	26.45	20.53	6.68	1.56
	The XRD diffractograms for reduced cobalt-doped catalysts are presented in Fig. 9.11. In
	this study, instead of the usual XRD equipped with the Cu Kα anode, an apparatus with
	a Si (111) channel cut monochromator was applied as a radiation source. Such a study
	allowed for a better overview of the phases present in the samples. All of the obtained
	difractograms represent highly crystalline samples with no scattering from the amorphous
	phase. The dominating phase in case of intensity is metallic nickel (ICDD 03-065-0380)

represented with reflections at 2θ of 9.53 deg

[START_REF] Le | Effects of Na content in Na/Ni/SiO2 and Na/Ni/CeO2 catalysts for CO and CO2 methanation[END_REF]

, 11.00 deg (020), 15.59 deg (022), 18.29 deg (131), 19.12 deg (222) and 22.11 deg (040). 2θ of 7.94 deg (311), 12.64 deg (511), 13.58 deg (440); however, they overlapped with more intense phases such as periclase or MgAl2O4, which have greater concentration on the overall matrix.

Table 9 .

 9 6. Distribution of basic sites for reduced cobalt-promoted, SCS-derived catalyst

	Sample	Weak [μmol/g]	Medium [μmol/g]	Strong [μmol/g]	Total [μmol/g]	Weak [%]	Medium [%]	Strong [%]
	SCSCoNi_doubl e	20	95	51	167	12	57	31
	SCSNiCo_doubl e	44	50	74	168	26	30	44
	SCSNiCo1.3	20	22	34	76	26	29	45

Table 10 .

 10 1. Chemical composition of white cenospheres according to EDS analyses (SEM)

		Unmodified	Perforated
	Element	Average content [wt%]	Standard deviation [wt%]	Average content [wt%]	Standard deviation [wt%]
	Al	20.69	1.63	21.32	2.56
	Si	18.37	1.53	18.35	1.35
	Fe	1.07	0.48	0.85	0.33
	Mg	0.17	0.08	0.10	0.12
	Na	0.26	0.06	0.25	0.12
	C	2.09	0.14	2	0.12
	F	-	-	0.69	0.31
	O	57.34	0.84	56.45	0.41
	In Table 10.1. the chemical analysis obtained from EDS study (SEM) is compared for
	unmodified and perforated white cenospheres. The two main elements (excluding
	oxygen) are aluminum and silica, in which the content before and after modification is
	comparable, in the range of 20.7-21.3 wt% (although with relatively high standard
	deviation σ 1.6-2.6 wt%) for Al and 18.4 wt% (σ of ca. 1.3-1.5 wt%) for Si. The decrease
	in Fe content was noticed, from 1.07 wt% before modification and 0.85 wt% after
	perforation, but low sensitivity of the EDS technique (resulting in high sigmas) could not
	allow us to conclude unarguably. Minor elements such as Mg and Na could be detected,
	but quantification was difficult. The studied cenospheres were formed during the coal
	combustion and are a by-product of that process, which explains the presence of traces of
	carbon (ca. 2-2.1 wt%) in the shell-like solid structure. Furthermore, in the sample after

Table 10 .

 10 1. Specific surface area and porous properties of cenospheres-based catalysts

	Catalyst	SBET [m 2

/g] Total pore volume [cm 3 /g] dp [nm] Vmesopores [cm 3 /g]

  The composition of the active phase deposited on the cenospheres is presented in Table10.3. Catalysts labeled as CS(P)_SCSNi20 with ca. 20 wt% of Ni-Mg-Al mixed oxides contain ca. 3.5 wt% of nickel, ca. 3.0-3.1 wt% of magnesium and ca. 2.4-2.6 wt% of aluminum. On the CS(P)_Ni20 samples, only nickel oxide was deposited, with 20.71 and 15.86 wt%, respectively, for catalysts supported on unmodified and perforatedcenospheres. Furthermore, in the both samples some trace amounts of aluminum were identified (1.7 and 0.8 wt%). This may be due to some dissolution of the elements from the walls of cenospheres during mineralization. CS(P)_MgAl_Ni20 catalysts were designed to contain ca.[START_REF] Yoro | CO2 emission sources, greenhouse gases, and the global warming effect[END_REF] wt% of Mg-Al mixed oxides in the same molar ratio as in the hydrotalcite HTNi15 (Mg:Al = 53:25) and ca. 20 wt% Ni. Both samples showed similar content of all 3 elements: Ni of 19.51 and 21.03 wt%; Mg of 4.95 and 4.60 wt%; Al of 3.16 and 3.22 wt% for catalysts supported in unmodified and modified cenospheres, respectively.

	CS_SCSNi	19.8	0.040	8	0.036
	CS_Ni20	12.3	0.032	10	0.030
	CS_MgAl_Ni20	53.6	0.040	3	0.028
	CSP_SCSNi	25.4	0.042	8	0.042
	CSP_Ni20	22.0	0.055	10	0.050
	CSP_MgAl_Ni20	64.1	0.051	3	0.034

Table 10 .

 10 3. Average crystallite size Ni 0 in the reduced cenospheres-based catalysts (from Scherrer equation); content of Ni, Mg, and Al deposited in the samples, based on ICP results

	Catalyst	Average Ni 0 size [nm]	Ni content [wt%]	Mg content [wt%]	Al content [wt%]
	CS_SCSNi	8	3.55	3.02	2.39
	CS_Ni20	40	20.71	0.06	1.70
	CS_MgAl_Ni20	7	19.51	4.95	3.16
	CSP_SCSNi	7	3.47	3.11	2.66
	CSP_Ni20	29	15.86	0.02	0.80
	CSP_MgAl_Ni20	8	21.03	4.60	3.22

Table 10 .

 10 5. Results of the catalytic tests for cenospheres-based catalysts

	Temp. [°C]	CS_ SCSNi2 0	CSperf_ SCSNi2 0	CS_ Ni2 0	CSper f _Ni20	CS_ MgAl_Ni2 0	CSperf_ MgAl_Ni2 0	
	250	0	0	0	0	0	15	
	300	1	1	0	0	2	88	CO2
	350	27	18	0	2	28	88	conversio
	400	27	55	0	23	60	83	n [%]
	450	43	66	1	52	68	76	
	250	0	0	0	0	0	98	
	300	1	0	0	0	2	>99	CH4
	350	46	73	0	32	83	>99	selectivity
	400	46	83	0	35	89	>99	[%]
	450	57	85	4	54	90	97	

Table 11 .

 11 1. List of the OCF's samples and amount of support phase and active phase deposited on the foams The XRD diffractogram for the bare open-cell foam is presented in Fig. 11.1. All of the recognized reflections were assigned to the zirconium oxide. However, two types of crystalline system were distinguishedmonoclinic and cubic zirconium oxide. , and 62.68 deg (222). The registered diffractogram was characterized with large and narrow peaks, suggesting large-size crystallites. No scattering characteristic for the amorphous phase was recorded.

	Catalyst	Nickel content [%] NiO [mg] Mg-Al [mg] Porosity [ppi]
	15_150_30	12.87	317	157	
	10_150_30	8.71	230	155	30
	15_100_30	12.61	314	120	
	15_150_45	12.39	316	170	
	10_150_45	9.60	239	157	45
	15_100_45	13.26	339	114	

Table 11 .

 11 3. Distribution of basic sites for reduced open-cell foams-based catalysts and Ni 0 crystallite size from XRD

	Sample	Weak [μmol/g]	Medium [μmol/g]	Strong [μmol/g]	Total [μmol/g]	Ni 0 crystallite size [nm]
	15_100_30	1	6	5	13	8
	10_150_30	15	9	23	47	11
	15_150_30	7	7	6	20	9
	15_100_45	9	10	9	28	10
	10_150_45	7	7	20	35	8
	15_150_45	18	21	5	44	7

Table A .

 A 

1. Geometrical characteristics of the studied open cell foams

Pore

per inch [ppi] 30 45 Diameter, φ [mm] 9 9 Lenght, L [mm] 30 30 Hole area, A [mm 2 ]

  

	𝑮𝑺𝑨 =	𝟒. 𝟖𝟐 𝒅 𝒇	• √𝝆 𝒓 [ 𝒎 𝟐 𝒎 𝟑 ]
	Exposed surface area, 𝑺𝑨 𝑶𝑪𝑭 = 𝑽 𝑶𝑪𝑭 • 𝑮𝑺𝑨 [𝒎𝒎 𝟐 ]	1729	2204
	Catalyst loading,
	𝑪 𝒍𝒐𝒂𝒅 =	𝑾 𝒄𝒂𝒕 𝑺𝑨 𝑶𝑪𝑭	[	𝒎𝒈 𝒄𝒎 𝟐 ]	23.5	18.9
	Coating thickness, δc [μm]	10 to 40	5 to 30
	Properties of a gas mixture such as molecular weight (Mmix), viscosity (μmix), and density
	(ρmix) were calculated according to Equations A.1.-A.3.
							𝑀 𝑚𝑖𝑥 = ∑ 𝑦 𝑖 • 𝑀 𝑖 𝑛 𝑖=1
							2.91	1.55
	Average pore diameter, dp [mm]	1.93	1.41
	Average strut thickness, ts [mm]	0.99	0.59
	Face diameter, df=dp+ts [mm]	2.92	2.01
	Relative density,
	𝝆 𝒓 = 𝟐. 𝟓𝟗 (	𝒕 𝒔 𝒅 𝒇	)	𝟐	0.30	0.23
	Voidage, ε=1-ρr			0.70	0.77
	Bed porosity, Vp [%]	81.7	82.1
	Geometric surface area,	906	1155

  5 andA.6 respectively. εc is the porosity of the coated layer, calculated with the Eq. A.18, where ρc is the coating and PVBJH is the volume determined with the BJH method. τ is the tortuosity factor (Eq.

	A.19).		
	𝜀 𝑐 = 𝜌 𝑐 • 𝑃𝑉 𝐵𝐽𝐻		A.18
	𝜏 = 1 -𝑙𝑛𝜀 𝑐		A.19
	𝐷 𝑘 = 9.7 • 10 -5 • 𝑟 𝑝 ( 𝑀 𝐶𝑂 2 𝑇	) -	1 2

  The application of one-step synthesis, where all of the precursors were combusted together, did not provide clear information on the favorable effect of Co. Promoter was probably present in an inactive form, in the support phase. In Subchapter 9.2 two-step synthesis was applied to observe if introduction of cobalt as a seprate surface phase, or deposition of nickel on Mg-Al-Co support is beneficial. Splitting the synthesis to two steps resulted in doubling the number of basic centers on the surface. Additionally, cobalt was present together with nickel in an active phase. Cobalt existed in several phases: metalic cobalt, cobalt-nickel solid solution, cobalt oxide and CoAl2O4 spinel. The best catalyt was the one with Co deposited as a separate surface phase. It obtained 88% of CO2 conversion at 300 °C with total selectivity to methane. Taking into account such good catalytic results, tests with GHSV of 24,000 and 48,000 h -1 were performed for the mentioned catalyst. At the latter GHSV, catalyst reached 72% of CO2 conversion at 300

Celem niniejszej pracy było zwiększenie aktywności katalizatorów do metanizacji CO2 zawierających nikiel, otrzymanych przez termiczny rozkład hydrotalkitu, poprzez wprowadzenie nowego promotora, takiego jak Co lub Cu

  w badanych warunkach reakcji nie jest to zjawisko prawdopodobne. Wyjątkiem jest tworzenie się węglika niklu w temperaturach poniżej 250 °C, który przejściowo dezaktywuje centra aktywne niklu. Wybór optymalnej metody syntezy, składu nośnika oraz dodatku promotorów jest rozwiązaniem pozwalającym na poprawę wydajności katalizatora niklowego. . W tym celu zsyntetyzowano, scharakteryzowano i przebadano dwie serie katalizatorów o zawartości ok. 15% mas. niklu i wzrastającej ilości promotora (0,5, 1, 2, 4% mas. Cu lub Co) w świeżej próbce. Oba promotory wprowadzono w ilości 0,5, 1, 2 i 4 % mas. do świeżego hydrotalkitu przygotowanego metodą współstrącania przy stałym pH. Zaobserwowano, że dodatek miedzi znacząco poprawia zasadowość powierzchni, poprzez zwiększenie liczby dostępnych centr zasadowych o średniej mocy, zwłaszcza gdy zawartość promotora wynosiła ok. 1-2% mas. Wraz ze wzrostem zawartości miedzi, w dyfraktogramach XRD zredukowanych katalizatorów zaobserwowano przesunięcie pozycji refleksów pochodzących od niklu w kierunku stopu Ni-Cu. Zadowalającą wydajność katalityczną zaobserwowano dla katalizatorów z niskim udziałem miedzi (0,5-1% mas.). Szczególnie w przypadku ostatniego uzyskano wysoką konwersję CO2 w temperaturze 300 °C (61%) oraz selektywność do CH4 powyżej 98%. Wraz ze wzrostem zawartości Cu konwersja CO2 i selektywność metanu znacząco spadały. Miedź sprzyjała reakcji reverse water-gas shift. Wielkość krystalitów niklu w katalizatorze poreakcyjnym była znacznie mniejsza ze względu na zjawisko redystrybucji. W przeciwieństwie do miedzi, katalizator promowany kobaltem był bardzo selektywny dla metanu i bardziej aktywny. Wprowadzenie nawet niewielkiej ilości promotora prowadziło do zwiększenia powierzchni właściwej i zasadowości. Wyższa zawartość Co (2-4% mas.) poprawiała redukowalność niklu. Biorąc pod uwagę powyższe obserwacje, kobalt można uznać za promotor teksturalny i elektronowy. Najlepszą wydajność katalityczną odnotowano dla katalizatora z 1% mas. Co, który wykazał 77% konwersję CO2 w temperaturze 300 °C, przy selektywności do metanu powyżej 99%.

	5. Omówienie wydajności katalizatorów tlenkowych pochodzących z syntezy
	wzrost poziomu CO2 emitowanego do atmosfery ze źródeł spalania w roztworze promowanych kobaltem, oraz optymalizacji
	antropogenicznych wpłynął na naturalną równowagę węglową w środowisku, prowadząc wprowadzania promotora do struktury (Rozdział 9).
	do efektu cieplarnianego. Konsekwencją tej sytuacji jest odnotowany już wzrost średniej globalnej temperatury powierzchni ziemi (w średnim tempie 0,08°C na dekadę od 1880 roku) oraz negatywne zmiany klimatyczne. Wprowadzenie różnych technologii redukcji emisji CO2, zwłaszcza tych opartych na wychwytywaniu i utylizacji dwutlenku węgla, jest konieczne, aby ewentualnie zahamować proces globalnego ocieplenia. Wymieniona strategia pozwala na przekształcenie gazów cieplarnianych, takich jak dwutlenek węgla, w produkty o wartości dodanej, poprzez zastosowanie odpowiedniego procesu przemysłowego. Obiecującą ścieżką produkcji syntetycznego gazu ziemnego jest uwodornienie CO2 do metanu. Według danych literaturowych najbardziej optymalnym katalizatorem do procesu metanizacji CO2 jest nikiel, ze względu na stosunek pomiędzy jego aktywnością, selektywnością, dostępnością i kosztem. Alternatywą są metale szlachetne, takie jak rod lub ruten, dające wysoką konwersję CO2 nawet w niskich temperaturach, jednak ich i tak już wysokie ceny stale rosną, a dostępność jest niewielka. Przemysłowy katalizator przeznaczony do uwodornienia CO2 do metanu zawiera zwykle ok. 30-40% mas. niklu, jednak zastosowanie tak dużej ilości fazy aktywnej może zwiększyć spiekalność, prowadząc do dezaktywacji. Wzrost temperatury procesu (300-400 °C) oraz powstawanie gorących punktów w wyniku egzotermicznego charakteru reakcji to główne czynniki przyczyniające się do intensyfikacji spiekania. Tworzenie się koksu jest kolejną przyczyną dezaktywacji katalizatora niklowego w reakcjach z udziałem cząsteczek charakteryzacji fizykochemicznej, konfigurację instalacji do badań katalitycznych oraz wybrane drogi syntezy (Rozdział 6). 3. Omówienie wydajności katalitycznej w metanizacji CO2 katalizatorów kobaltowych i miedziowych opartych na hydrotalkicie (Rozdział 7). 4. Badanie termodynamicznego aspektu procesu syntezy i wpływu jej warunków 6. Badania nad zastosowaniem niemodyfikowanych i perforowanych cenosfer węglowych, jednak Katalizatory hydrotalkitowe były z powodzeniem badane w procesie metanizacji jako nośnika katalizatora do metanizacji CO2, omówienie wydajności katalitycznej (rozdział 10). 7. Badanie katalizatora na bazie pian otwartokomórkowych jako perspektywę dla potencjalnych badań nad katalizatorem do metanizacji CO2, omówienie CO2 . 2. Część eksperymentalna, w której omówiono zastosowane techniki wydajności katalitycznej i ograniczeń w przenoszeniu masy (Rozdział 11).

Praca składa się z dziewięciu głównych części: 1. Studium literaturowe dotyczące historii i charakteru antropogenicznej emisji CO2 , dostępnych rozwiązań CCU i CCS (Rozdział 3), charakteru i dojrzałości reakcji metanizacji CO2 , w tym przegląd katalizatorów badanych w tym procesie (Rozdział 4), alternatywnych ścieżek syntezy mieszanych katalizatorów tlenkowych (Rozdział 5). na wydajność w metanizacji CO2 katalizatora z tlenku mieszanego Ni-Mg-Al otrzymanego w wyniku syntezy ze spalania w roztworze (Rozdział 8).

8. Wnioski ogólne (Rozdział 12). 9. Perspektywy dla dalszych badań w oparciu o każdą z opisanych serii (rozdział 13). Część trzecia (Rozdział 7) obejmuje omówienie wpływu Cu (Podrozdział 7.1) i Co (Podrozdział 7.2) na katalizatory otrzymane przez termiczny rozkład hydrotalkitu, ocenianego przez porównanie właściwości fizykochemicznych i aktywności katalitycznej.
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reaction resulted in the formation of remarkably stable and hardly reducible ternary oxide [START_REF] Zhou | Effect of NiAl2O4 Formation on Ni/Al2O3 Stability during Dry Reforming of Methane[END_REF]. 8.4 includes the comparison of the elemental composition obtained via the ICP measurement of the synthesized catalysts. SCS-derived samples presented comparable content of each of the detected elements, which is ca. 7-8% more of both Mg and Ni was detected for the thermally decomposed hydrotalcite. Each of the synthesized samples was prepared with the same ratio of Ni/Mg/Al of 0.22/0.53/0.25. There is a chance that not all the species were introduced into the brucite-like sheets or the oxide matrix contains more oxygen after thermal decomposition, compared to SCS-derived catalysts. The distribution of the basic sites for the discussed catalysts is presented in Table 9.3. SCSNiCo0.7, SCSNiCo1.3, and SCSNiCo2.5 resulted in a comparable total number of basic sites, ca. 49-57 μmol/g, among which the sample with the lowest cobalt content was dominated by strong sites, the one with 1.3 wt% Co presented similar contribution of weak and medium-strenth basic sites, and the latter was primarily composed of mediumstrenth basic sites. The unique exception is the catalyst with the highest cobalt loading, SCSNiCo5.1, which showed the highest total number of basic sites of about 134 μmol/g, however, the greatest contribution was assigned to the weak basic sites (57% of the overall share).

Table 9.3. Basicity (from CO2-TPD) of reduced SCS-derived cobalt-promoted samples are small on a nanometric scale. Large and well defined crystallites were then observed for SCSCoNi_double. The low-temperature N2 sorption isotherms for the catalysts studied after synthesis are compared in Fig. 9.9. All samples can be characterized with IUPAC type IV, subtype H1.

The shape of the SBET isotherm for SCSCoNi_double sample is visibly different from that of the two remaining catalysts, suggesting a different configuration of pores on the surface, dominated by slit-shaped pores. On the other hand, the shape of isotherms for SCSNiCo1.3 and SCSNiCo_double suggest formation of a rather bottle-shaped pore with narrow entrance [START_REF] Liu | Experimental Study on the Pore Shape Damage of Shale Samples during the Crushing Process[END_REF][START_REF] Sun | Microstructural investigation of gas shale in Longmaxi Formation, Lower Silurian, NE Sichuan Basin, China[END_REF]. Considering the EDX mapping of SCSNiCo1.3 catalyst, it is visible that cobalt not only partially coexists with nickel in the metallic crystallites forming an alloy but is also dissociated in the support oxide matrix. Thus, the distribution of magnesium in the support is uniform. However, aluminium shows some intensified presence also in the place of metal crystallites, which suggests that NiAl2O4 or CoAl2O4 spinel may be present in those places. For the SCSNiCo_double catalyst, cobalt coexists with nickel, inside the metallic crystallites, but also to some extent (significantly lower than in SCSNiCo1.3 sample) it is dissociated in the support oxide matrix. Similarly to the latter catalyst, the Solution combustion synthesis may be an efficient method for the synthesis of multielemental catalysts if the promoter (in this case cobalt) is introduced separately from the active phase (nickel).

• The two-step synthesis (labeled as "double") led to the obtaining a material with better availability of both the active material and promoter;

• In all the studied cases nickel formed an alloy with cobalt, however, the cocombustion of all the precursors (SCSNiCo1.3) led to the dissociation of both active components to the Mg-Al oxide matrix and the formation of inactive NiAl2O4 and CoAl2O4;

• All three strategies for the synthesis of the cobalt-promoted Ni-Mg-Al mixedoxide catalyst resulted in the material being characterized with the relatively large size of the nickel crystallites on the surface;

• The two-step synthesis allowed for significantly better development of surface medium-strength and strong basicity (depending on the chosen strategy);

• The introduction of nickel separately from a cobalt led to the material with improved reducibility, comparing to the catalyst obtained at one-step synthesis.

Catalytic tests for bare white and gray cenospheres per se are compared in Fig. 10.3.

Neither gray nor white cenospheres showed no minimal CO2 conversion at any of the test temperatures given. 

Cenospheres-based Nickel catalyst

Subsequently, white cenospheres were chosen as a further support for the nickel-based catalyst. Similarly to gray cenosheres, white ones do not show basicity, developed surface, or any catalytic behavior in CO2 utilization. However, they contain more alumina in the structure and significantly less inclusions (according to H2-TPR) such as iron oxide.

This makes them more neutral support material and will facilitate the study on the deposited active phase, presented in this chapter. Due to the unsuccessful performance of unmodified cenospheres in the catalytic tests, series of analogical samples, however, with surface modification (perforation) was performed and presented.

Sample with co-precipitated Ni-Mg-Al hydrotalcite with ca. 20 wt% of nickel was also synthesized and tested, although it was rejected due to two main reasons: (i) total lack of catalytic atctivity in the TPSR CO2 methanation test; (ii) destruction of cenospheres during the continuous stirring necessary for co-precipitation of hydrotalcites. Alternative, nondestructive method for cenospheres of LDHs synthesis such as urea hydrolysis, was tested, however, in this case also without successformed hydrotalcite was a separate phase of precipitate and did not cover the cenospheres or was attached to their surface in any way.

Physicochemical properties of cenospheres

In Fig. It is worth noting that EDS analysis is not a precise method of determining elements at the trace scale. Thus, the contribution of Fe, Mg, Na, and F is presented here rather as a suggestion. Characterization of samples presented with precise quantitative method, such as ICP was impossible due to the remarkably high resistance of cenospheres to dissolution in nitric acid and aqua regia.

The distribution of basic sites for the studied series of cenospheres-based catalysts is shown in Table 10 XRD diffractograms for the reduced cenospheres-based catalysts are reported in Fig. 10.9. To have better overwiev on the shape of recorded profiles, the background was removed for the plots. Two main phases were found in all samples: aluminum silicate total pore volume, dominated by mesopores, was considered to be ca. 0.016 cm 3 /g, with an average pore diameter of ca. 4.6 nm. for the reactants to complete the reaction, due to relatively big length of the applied foam.

• Physicochemical properties of the synthesized catalysts are important; however, the dominating factor influencing the catalytic performance is geometrical dimensions of the applied open-cell foams;

• OCF's with porosity of 45 ppi are more effective in case of internal and external diffusion under the studied test conditions;

• OCF's with porosity of 30 ppi showed internal and external mass transfer limitations due to a coating layer too thick and increased pore size;

• However, in this study, the applied length of the microreactor was more than sufficient and could be reduced to ca. 10-15 mm. The following conclusions may be drawn from the physico-chemical characterization of the materials:

• XRD analysis of the fresh samples confirmed the successful synthesis of LDHs. Separate phases containing Ni, Co, and Cu species were not

To improve the introduction of a promoter to the oxide matrix, two-step synthesis was studied, and physicochemical characterization was enriched in the HRTEM study.

Furthermore, XRD study was improved due to use of apparatus with Si (111) channel-cut monochromator. The following conclusions were made:

• The two-step synthesis led to the obtaining a catalyst with better availability of both the active material and promoter,

• In all the studied cases nickel formed an alloy with cobalt, however, the one-step combustion led to the dissociation of both active components into the Mg-Al oxide matrix and formation of inactive NiAl2O4 and CoAl2O4,

• All the presented systems resulted in the catalysts characterized with a relatively large size of the nickel crystallites on the surface,

• Two-step synthesis allowed for improved development of the surface mediumstrength and strong basicity,

• The introduction of nickel and cobalt in the sepatate steps improved the reducibility, compared to the catalyst obtained at one-step synthesis.

• The best catalyst was the one prepared with a Ni-Mg-Al oxide matrix in the first step and cobalt deposited in the second step (88% of CO2 conversion at 300 °C).

Due to the very good performance in the TPSR test, the study was extended to GHSV of 24,000 h -1 and 48,000 h -1 . After the reduction of the size of the catalytic bed, activity of the catalyst remained very high (72% of CO2 conversion at 300 °C and GHSV=48,000 h -1 ).

Considering the simplicity and eventual lack of use of magnetic stirrer, solution combustion synthesis was used to deposit the catalytic material on cenospheres. This part 𝜇 𝐻 2 = 326.55 • 10 -5 (0.1375 • 𝑇 -1.167) 0.625 A.5

𝜇 𝐻 2 𝑂 = 1170.828 • 10 -5 (0.011662 • 𝑇 -0.551) A.6

The diffusivity of carbon dioxide (DCO2) in the gas phase was calculated according to the Eq. A.7, from the binary diffusion of the CO2 and i component (DCO2-i).

To calculate DCO2-i, the Fuller equation was utilized (Eq. A.8)

Where MCO2 is the molecular weight of CO2, and Mi is molecular weight of each among the remaining gas components; νCO2 is the diffusion volume of CO2 and νi is diffusion volume for component i.

𝑘 𝐺 = 𝑆ℎ•𝐷 𝐶𝑂 2 𝑑 𝑝,𝑐

A.9

The mass transfer coefficient for CO2 (kG) was calculated using the Sherwood number (Sh) (Eq. A.10), according to Eq. A.9.

Where Re is Reynolds number (calculated as in Eq. A.11), Sc is Schmidt number (calculated as in Eq. A.12).

𝑅𝑒 = 𝑑 𝑝,𝑐 •𝜌 𝑚𝑖𝑥 •𝑢 𝜇 𝑚𝑖𝑥

A.11

Where df,c is the average coated face diameter (Eq. A.13) and dp,c is the average coated pore diameter (Eq. A.14), ε is voidage, ρmix is the density of the gas mixture, u is the velocity of the gas (Eq. A.15).

𝑑 𝑓,𝑐 = 𝑑 𝑓 + 2𝛿 𝑐 A.13

Where δc is the thickness of the coating.

Ft is a total flow, OFA is calculated with Eq. A.16, Ts is the standard temperature, Ps is the standard pressure, T is the temperature of the process and P is the pressure of process.

Where φ is the diameter of the foam.

The effective diffusivity of carbon dioxide in the deposited catalytic layer (DCO2,e) (Eq A.17) was calculated via the Knudsen diffusion (DK) (Eq. A.20)

A.17

The Damköhler I number (Da-I) describes the trade-off between the reaction kinetics with reactor design and operating parameters and was calculated on the Eq. A.25.

The Damköhler II number (Da-II) gives an overview of mass transport towards the pore from the bulk of reacting gases (Eq. A.26).

The Damköhler III number (Da-III) was determined to obtain information on the characteristic diffusion in the coating layer, as a function of reaction times and is presented in Eq. A.27.

Carberry criterion Ca presented in the Eq. A.28 was determined as a confirmation of the Da-II number, to evaluate the limitations of external mass transport.

Where RCO2 is the observed reaction rate, and CCO2 is the concentration of CO2 in the catalyst, assumed equal to the concentration in the feed mixture if the absence of external diffusion was confirmed, in other case calculated as CCO2, with an Eq. A.30.

The Weisz-Prater criterion is an evaluation of Da-III number, informing of internal diffusion limitations (Eq. A.29).

𝑊𝑃 =

𝑟 𝐶𝑂 2 According to the literature, the most optimal catalyst for CO2 methanation is nickel, due to the compromise between its activity, selectivity, availability, and cost.

Alternatives are noble metals such as rhodium or ruthenium, giving high CO2 conversion even at low temperatures; however, their already high prices are continuously increasing, and availability is low. Industrial catalyst dedicated for CO2 hydrogenation to methane usually contains ca. 30-40 wt% of nickel, however application of such high amount of active phase may increase the sintering, leading to the deactivation. The increase in the temperature of the process (300-400 °C) and the formation of hot spots due to the exothermic nature of the reaction are the main factors that contribute to the intensification of sintering. Coke formation is another deactivation cause for nickel catalyst in the reaction containing carbon-based molecules; however, under the studied reaction conditions, it is not thermodynamically favored. Exception is formation of nickel carbide in the temperatures below 250 °C which temporarily deactivates the nickel active sites.