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Abstract 

This PhD thesis started in October 2014 with the support of the Sustainable Process 

Engineering (SuPrEn) research group from the Chemical and Environmental Engineering 

Department from the Faculty of Engineering of Bilbao, University of the Basque Country. 

This work has been carried out under the supervision of Professor José Francisco Cambra 

Ibáñez and Dr. Victoria Laura Barrio Cagigal. Moreover, during this PhD thesis a stay in 

the Particles and Catalysis (PartCat) research group from the University of New South 

Wales (UNSW) in Sydney, Australia, was carried out under the supervision of Dr. Jason 

Scott and Scientia Professor Rose Amal, and with the kind support of Dr. Emma Lovell. 

Along these years, this work permitted to progress in the development of catalytic 

systems to produce methane from carbon dioxide and hydrogen, thus, enabling the 

integration of renewable electricity in the energy system and reducing carbon dioxide 

emissions. Furthermore, this PhD thesis permitted the publication of various scientific 

papers in different peer-reviewed journals and different publications in international 

conferences. This work has been divided in seven chapters. 

Chapter I, consists in a brief introduction describing the context in which this work is 

framed within. The relationship of the human being with the energy and its unavoidable 

need is explained, together with the description of the actual energy system. This is 

linked with the issues related to the climate change and the energy dependence of the 

countries. Finally, the different technologies to store energy are described.  

Chapter II, taking into account the energy storage technologies described in the Chapter 

I, Power-to-Gas (PtG) is selected as the most promising one. In this chapter an 

exhaustive review of the state of the art of the PtG technology is performed focusing 

specially on the carbon dioxide methanation process. 

Chapter III, the objective of this PhD thesis is defined in this chapter. In order to fulfil 

the objective different partial goals or milestones are set. 

Chapter IV, the experimental procedure carried out along the performing of this PhD 

thesis is summarized and described in this chapter. The different synthesis and 
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characterisation techniques are thoroughly described together with the procedure 

carried out during the activity tests. A summary of the employed materials and 

equipments is also included in this chapter. 

Chapter V, consists in the presentation and discussion of all the results obtained during 

this PhD thesis. In order to ease the understanding, this chapter is divided in four main 

subsections including: I) Analysis of the most suitable operating conditions, II) Catalysts 

tested in fixed bed reactors, III) Stability tests and IV) Catalysts for photoreactors. 

Chapter VI, a design of an industrial plan is proposed in this chapter. Not only all the 

needed equipment is sized but also an economic analysis is carried out, taking into 

account both the equipment cost and the labour cost needed. 

Chapter VII, consists in the conclusions obtained after carrying out this PhD thesis. The 

physicochemical properties required by a catalyst to be efficient for the carbon dioxide 

methanation process are listed and promising catalytic systems are presented. Also, the 

feasibility of building an industrial plant is explained.
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Resumen 

Esta tesis doctoral comenzó en octubre de 2014 con el apoyo del grupo de investigación 

Sustainable Process Engineering (SuPrEn) del Departamento de Ingeniería Química y del 

Medio Ambiente de la Escuela de Ingeniería de Bilbao, Universidad del País Vasco/Euskal 

Herriko Unibertsitatea (UVP/EHU). El trabajo ha sido  llevado a cabo bajo la supervisión 

del Profesor Dr. José Francisco Cambra Ibáñez y la Dr. Victoria Laura Barrio Cagigal. 

Durante la realización de esta tesis doctoral se realizó una estancia en el grupo de 

investigación Particles and Catalysis (PartCat) de la University of New South Wales 

(UNSW) en Sídney, Australia, bajo la supervision del Dr. Jason Scott y la Profesora Rose 

Amal, junto a la inestimable ayuda de la Dr. Emma Lovell. 

El trabajo realizado durante estos años ha permitido el desarrollo de sistemas catalíticos 

para producir metano a partir de dióxido de carbono e hidrógeno, permitiendo la 

integración de electricidad de origen renovable en el sistema energético y reduciendo 

las emisiones de dióxido de carbono. Esta tesis doctoral ha permitido la publicación de 

varios artículos en revistas científicas y en congresos internacionales. Este trabajo ha 

sido dividido en siete capítulos. 

Capítulo I, se trata de una breve introducción del contexto en el que se enmarca el 

trabajo. Se describe la relación entre la raza humana y la energía, su necesidad 

inevitable, además del sistema energético actual. Esto se relaciona con el cambio 

climático, y sus problemas derivados, y la dependencia energética de los distintos países. 

Finalmente, se describen diferentes tecnologías para el almacenamiento de energía. 

Capítulo II, partiendo de las tecnologías de almacenamiento de energía descritas en el 

Capítulo I, se selecciona Power-to-Gas (PtG) como una de las más prometedoras. En este 

capítulo se realiza una revisión exhaustiva del estado del arte en el campo del PtG, 

prestando especial atención a la proceso de metanación de dióxido de carbono. 

Capítulo III, se define el objetivo de la presente tesis doctoral. Además, se definen los 

diferentes hitos necesarios para llevar a cabo de manera satisfactoria dicho objetivo. 
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Capítulo IV, se describe el procedimiento experimental empleado durante el desarrollo 

de la tesis. Se describen los procedimientos de síntesis y caracterización así como los de 

realización de los ensayos de actividad. Además, se enumeran los materiales y equipos 

utilizados. 

Capítulo V, todos los resultados obtenido durante la realización de la presente tesis 

doctoral se encuentran en este capítulo. Para facilitar la lectura del mismo, se encuentra 

dividido en cuatro sub-secciones principales, incluyendo: I) Análisis de las condiciones 

de operación idóneas, II) Catalizadores probados en reactores de lecho fijo, III) Tests de 

estabilidad y IV) Catalizadores para fotoreactores. 

Capítulo VI, se propone el diseño de una planta de escala industrial. Además de 

dimensionar todo el equipamiento necesario, se realiza un análisis de la viabilidad 

económica teniendo en cuenta tanto el coste material como el del funcionamiento de 

la planta. 

Capítulo VII, consiste en las conclusiones obtenidas tras la realización de esta tesis 

doctoral. Se enumeran las propiedades fisicoquímicas necesarias para que un 

catalizador sea eficiente en la reacción de metanación de dióxido de carbono y además 

se presentan algunos sistemas catalíticos con un rendimiento prometedor. Finalmente, 

se presentan las conclusiones sobre la viabilidad de construir una planta industrial para 

la realización de este proceso.
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Introduction 

1.1. Human being and energy 

“Energy can neither be created nor destroyed; it can only be changed from one form to 

another”. 

This famous quote not only is true but it probably is also the most important law that 

rules our life. We, as human beings, are used to a standard of living that requires huge 

amounts of energy. We cannot create this energy, we can just take advantage of 

different resources and transform them into energy. 

Natural resources, those that usually are used and often wasted in order to obtain 

energy, will not always be available. Moreover, the emerging economies are, in their 

particular race to reach the same economic level as the most developed countries, really 

hunger for energy so the lifespan of our natural resources is being reduced at a worrying 

fast pace. 

Looking at world overall energy consumption, comparing 1973 and 2014 using the data 

provided by the International Energy Agency (IEA), the increase in energy consumption 

in the last 30 years has been more than 100%, from 4661 Mtoe in 1973 to 9425 Mtoe in 

2014. Looking closer at these numbers, it can be figured out that developing countries 

such as most of non-OCDE countries, a great part of Asia, Middle East, and China are the 

main responsible of this growth in energy consumption, as it can be seen in Figure 1.1 

[1]. 

 

Figure 1.1. World energy consumption 1973-2014 [1] 
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Chapter I 

The energy amount needed nowadays around the world and the trends in energy 

consumption are known, so how the future will look like can be projected. The last 

International Energy Outlook, by the U.S. Energy Information Administration (EIA), 

published in 2016 projects the total world energy consumption in the period of 28 years 

that goes since 2012 to 2040. According to this projections, the energy demand in 2040 

will increase 48% from 2012. As it has been stated, most of the growth in the energy 

demand will be due to the fact that developing countries need a lot of energy to 

accomplish their economic growth, being the increase in the energy demand for non-

OECD countries of 71% in the span of years previously mentioned, while in the case of 

OECD countries the growth will be just 18% [2]. 

Ensuring future energy supply will be a serious issue. Furthermore, the increase in 

energy consumption not only leads to a faster depletion of natural resources but also to 

an increase in carbon dioxide and other greenhouse gas emissions, altering Earth’s 

temperature and climate. There are several options that could ensure future energy 

supply while lowering to the minimum the impact on the environment. In order to fulfil 

this we need to change our mind and completely build again our energy system, using 

as a basis renewable energies and not fossil fuels. This way, we could ensure our future 

energy, with low environmental impact and without the need of spoiling another 

countries. 

In order to analyse the situation there are key factors that we need to know as these are 

crucial to figure out how to solve our problem: energy system, climate change and 

energy dependence. 

1.1.1. Energy system 

Our energy system is based on fossil fuels, they are the most used resources both for 

electricity generation and as fuel for transportation. According to the data provided by 

the EIA, in 2014 oil (in its several forms) was the most used energy source as a fuel for 

transportation accounting for more than 95 % of the total use. The fuels used for 

transportation are shown in Figure 1.2 [2]. 
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Figure 1.2. Energy sources for transportation 2014 [2] 

Regarding to electricity generation, coal is the most used energy source being 

responsible for approximately 40 % of the electricity generated while combined with oil 

and natural gas, makes fossil fuels responsible for more than 65 % of the electricity 

generated. This data is shown in Figure 1.3 [2]. 
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Figure 1.3. Electricity generation by fuel 2014 [2] 

As it can be seen, fossil fuels have no competitors in the transportation sector. However, 

for electricity generation even if they are the most used fuels there are alternatives like 

nuclear energy, hydropower and renewables. All these kind of energy sources are 

explained with more detail below. 

1.1.1.1. Fossil fuels 

The fossil fuels that are nowadays were created million years ago, specifically about 300-

360 million years ago. Different microscopic plants and animals that lived during the 

Carboniferous period, a geological period part of the Palaeozoic, formed the fossil fuels. 

The plants, which lived in the ocean, fixed the carbon from the atmosphere and once 

dead formed layers in the bottom of the ocean. These layers formed kerogen, a 

polymeric material, which was mixed with sand, clay and minerals and under great 
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pressure sedimentary rocks were formed with the kerogen inside. As time passed by, 

high temperature and massive pressure turned kerogen into oil or gas, depending on 

the specific properties of the kerogen and the ambient conditions. Usually, the highest 

the temperature the lightest the oil formed or natural gas was formed. These fossil fuels 

were then absorbed into the pores of the rocks, finally creating a reservoir. Fossil fuels 

are exploited from different kind of reservoirs and depending on the ease of extraction 

are called conventional, if easier, or unconventional fossil fuels [3]. The most abundant 

fossil fuels, conventional ones, are coal, natural gas and oil. 

• Coal: a heterogeneous combustible rock formed by organic compounds that 

gained relevance during the Industrial Revolution. Can be used as fuel, for 

electricity generation and also as raw material for different processes like steel 

production. Its main advantages are that is ready to use without any previous 

treatment and that is the most abundant fossil fuel. However, its burning 

generates huge amounts of carbon dioxide [4]. 

• Natural gas: consisting mainly on methane, it can be found both in natural gas 

fields, oil fields or adsorbed in porous coals. Apart from methane, natural gas is 

formed by non-combustible components that lower down its heating value. It is 

extensively used for heating and electricity generation and it is gaining 

importance as a fuel for transport, due to the fact that has the lowest carbon 

content, hence, lowest carbon dioxide emissions among all the fossil fuels [4]. 

• Oil: the most common kind of oil is called crude oil, which consists in a mixture 

of hydrocarbon chains. Its properties vary according to the exploitation site, 

creating different categories of crude oil [4]. After refining, it has several uses 

being the main one as a fuel for transportation but it is also used as raw material, 

for example in the production of plastics. 

Since the industrial era, fossil fuels have been the most used resource in order to 

produce energy. They can either just be burned to produce electricity or can be used as 

a fuel for transport. In both ways, they are really inefficient and, in the best case 

scenario, the thermal efficiency is 33%[5]. Moreover, fossil fuels are the main 
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accountable for carbon dioxide emissions to the atmosphere and they are also a 

resource that will disappear in the future. This last assertion has been polemic in the last 

few years since all the estimations of fossil fuel depletion have failed. 

In 1956, M. King Hubbert predicted that oil would reach its maximum production in 

1970. It seemed and accurate prediction, however several reservoirs have been 

discovered since then and the peak of oil production continues shifting in the time. The 

development of oil industry, with new exploitation methods in deepwater, deep layers 

and the Artic Region seems to delay the peak in oil production at least until 2040. This 

peak for coal and natural gas will probably happen in 2050 and 2060 respectively [6]. 

Even if new reservoirs appear, and the depletion of fossil fuels is delayed, what it is 

certainly true is that they will disappear one day as we are exploiting them at higher rate 

that the one needed by the nature to create more fossil fuels. 

The ease of the extraction with well-known methods, then lower prices, and makes fossil 

fuels the main option both for electricity generation and as a fuel for transport. 

1.1.1.2. Nuclear energy 

Nuclear energy is probably the oldest low-carbon energy source as the first nuclear 

power plant was developed in 1957. After 1966 the cost of energy generation for nuclear 

power plants was already lower than the one of thermal power plants. The continuous 

developing of this technology and the different energy crises resulted in an increase on 

energy generated by nuclear power plants from 400 TWh to 2400 TWh in1977. After this 

date, nuclear energy continued its growth reaching a value of energy production of 4400 

TWh in the first decade of this century. This growth was suddenly stopped by the 

Fukushima Daiichi incident and, as different countries are shutting down their nuclear 

power plants, current nuclear energy production values are close to those presented at 

the beginning of the 1990s [7]. 

Although nuclear fuel reserves are much higher than those of fossil fuels [5] raw 

materials are still needed and that does not ensure future energy supply, just delays the 
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problem. One of the benefits of nuclear energy is that it does not contribute directly to 

carbon dioxide emissions. However, nuclear energy has also different disadvantages as 

its high cost, being only a valuable energy generation method in developed countries, 

difficult disposal of the wastes produced and operation safety [7]. 

With different incidents related to nuclear energy in the last 30 years, being the one at 

Fukushima Daiichi (2011) responsible for 573 deaths and the one at Chernobyl (1986) 

responsible for 4056 deaths [8], probably the main challenge for nuclear energy is to 

convince public opinion about its value as a good alternative energy generation method. 

A difficult challenge as it is the energy source with less public support [9]. 

1.1.1.3. Hydropower 

It is a mature technology for electricity generation, being the most used electricity 

source in Canada (more than 63 % of electricity produced) and experimenting an 

expansion in the United States while it is also widely used in Europe, Asia Pacific and 

Latin America [6]. Hydropower consists in the flow of water from a reservoir through a 

turbine, generating electricity with the movement of the turbine. Even if it can be 

considered a renewable energy source, it is usually removed from that category due to 

the fact that it has a huge environmental impact wherever it is built. Also its use is really 

limited by topography and land use conflicts [9] 

1.1.1.4. Renewable energy sources 

Unlike fossil fuels or nuclear energy, renewable energies can be used without the 

depletion of the resources. They can also be used in a decentralized way, therefore 

providing energy even to small locations. There are different renewable energy sources 

like solar, wind, biomass and geothermal, being the first three the most developed ones 

[10]. 

• Solar energy: is the most available renewable energy source, as the Sun emits 

approximately 3.8 x 1023 kW and 1.8 x 1014 kW reach the Earth. Due to the fact 

that electricity does not reach much areas but the Sun is available, although with 
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different intensity, everywhere it is possible to use it to produce electricity in a 

decentralized way. Direct solar energy to electricity conversion is achieved 

employing photovoltaic (PV) cells, which use the PV effect. Electricity is 

generated when the energy collected is, at least, the same as the band-gap of 

the materials of the PV cells. However, even if sunlight is free, the costs of this 

technology are high [10] and it is also needed to take into account that is an 

intermittent energy source, affected by day/night cycles and by the weather, as 

cloudy days would decrease solar energy production. 

• Wind energy: one of the most applied renewable energy sources for electricity 

generation, it is experiencing a fast expansion. Wind energy converts the wind, 

potentially 9000 TWh/year, in electricity using turbines. However, as wind is not 

available everywhere, and even if available is an intermittent source, wind 

energy should be coupled with other energy sources for a reliable operation or 

used to generate electricity in small locations [10]. 

• Biomass energy: biogas is the most common way of biomass energy, produced 

by the anaerobic digestion of different wastes (animal manure, vegetal crops and 

wastewater). Biogas can be produced when needed and can be easily stored or 

transported using the existing natural gas grid [10]. However biogas has 

impurities that need to be removed before its use, increasing its cost. It is also a 

not reliable technology for large scale energy production. 

This is the key fact of the energy system, with the problems associated with fossil fuels 

(depletion, contamination) and the risks associated to nuclear energy (waste 

management, safety, public support) renewable energy sources emerge as the best 

option for a future sustainable energy system. 

1.1.2. Climate change 

Although several compounds contribute to climate change, carbon dioxide is still its 

main responsible.  

16 

 



Introduction 

Even if its concentration in the atmosphere is very low, it absorbs infrared radiation at 

different wavelengths causing the increase in Earth’s average temperature [11]. Climate 

change is a serious issue, being responsible of: extreme weather events (floods, 

windstorms and droughts), increase of infectious diseases and cardiovascular and 

respiratory problems [12]. 

The main human activity that emits carbon dioxide is the burn of fossil fuels, mainly for 

electricity production. Among these, coal is responsible of approximately 46% of the 

carbon dioxide emitted in order to produce energy, while oil accounts for approximately 

34% of the emissions and natural gas for approximately 20% of the emissions [1]. 

Not only the burn of fossil fuels results in carbon dioxide emissions, also certain 

industrial processes emit carbon dioxide. 

In addition to this, natural carbon dioxide sinks, as forests, have been destroyed by 

human activities. The combination of this two factors results in an increase in carbon 

dioxide concentration in the atmosphere, from 260x10-6 ppm during pre-industrial times 

to 400x10-6 ppm nowadays [11]. 

How can we reduce carbon dioxide emissions to the atmosphere? Knowing the 

estimated impact on carbon dioxide emissions of each energy source could help to 

answer this question. The estimated carbon dioxide emissions are divided in two groups: 

direct emissions, those produced during the energy generation, and indirect emissions 

that are associated to the building of the technology and its lifetime. Both direct and 

indirect carbon dioxide emissions for different energy sources are shown in Figure 1.4 

[9]. 
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Figure 1.4. Estimated carbon dioxide emissions per energy source[9] 

Using more natural gas, instead of coal or oil, in order to produce electricity could be an 

alternative in the short-term, as direct carbon dioxide emissions from natural gas are 

lower. Building nuclear power stations would have a huge impact in carbon dioxide 

emissions, but it would create another problem on how to deal with the residues. 

Increasing the amount of renewable energies in the power generation mix could be a 

good alternative to reduce carbon dioxide emissions. 

However, there are some industrial processes as cement or steel production that emit 

a huge amount of carbon dioxide and, at least by now, they cannot be replaced by other 

processes. Carbon capture and sequestration would be answer to this problem but, is it 

carbon dioxide going to be stored forever? Would it not be better if we could take 

advantage of the huge carbon dioxide emissions we produce and generate useful 

products? 

It is possible to transform carbon dioxide into valuable chemicals, both fuels and raw 

materials for the production of different products like plastics. That said, carbon dioxide 

is the most oxidised form of carbon being as a result a thermodynamically highly stable 

molecule and any transformation needs a high input of energy [11]. Being able to 
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transform carbon dioxide at a reasonable price is one of the challenges that needs to be 

faced by researchers worldwide. 

This is the key fact of the climate change, in order to reduce carbon dioxide emissions 

we do not only need to fight against the source of those emissions, we can take 

advantage of them and produce valuable chemicals as feedstock. 

1.1.3. Energy dependence 

As it has been previously mentioned, energy usage is inherent to human being so energy 

plays a key role in any economy. Both energy imports and exports have an enormous 

impact in the economy of a country, being the cost of the energy an important factor in 

the rate of inflation of a country and determining how competitive that country is in the 

international scenario [13]. 

With the present energy system, being the most used resources located in well 

determined zones and not able to be produced locally, all the countries that do not have 

access to those resources depend on other countries and securing the external energy 

supply is a critical issue. 

For the European Union, creating a common policy to secure the external energy supply 

became important after the Russian-Ukrainian gas dispute that took place in 2006, 

having as a consequence gas shortages in European Union’s gas supply due to the fact 

that almost 80 % of this gas came through Ukrainian pipelines [14]. 

We can distinguish different policies to secure the energy supply depending on the 

energy source: oil or gas. In the case of the oil, most of the proven reserves are located 

in the Persian Gulf so the dependence of the European Union on that area will increase 

in the future. The case of the gas supply is completely different as a great part of the gas 

needed by the European Union is produced in countries that are part of the Union as 

Norway and Netherlands [13]. However, the reduction of the natural gas production 

rates in Netherlands, in order to avoid earthquakes [15] and concerns about the ability 

of Norway to maintain the production [16] make necessary to adopt measurements. 
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Natural gas supply within Europe could be ensured if all the possible supplying 

alternatives are maintained and the natural gas is buffered, for its use in case of 

disruptions in the supply [17]. 

Future will determine if the policies adopted by the European Union regarding to the 

energy supply security have been successful. This will strongly depend in the evolution 

of the international affairs but we can distinguish two scenarios: i) Markets and 

Institutions, which means a strong collaboration between countries or ii) Regions and 

Empire, which involves a division of the world into competing spheres of influence. 

Unfortunately, this last one looks like the most possible future [13]. 

There is a way to secure energy supply without the need of being dependent on another 

countries: renewable energies. Increasing the share of renewable energies will not only 

have a positive effect in the reduction of greenhouse gas emissions, it will also reduce 

the use of fossil fuels, which are geographically localized in some regions, and will allow 

the countries to obtain their energy locally. 

This is the key fact of the energy dependence: renewable energies could ensure the 

energy supply. 

1.2. Analysing the problem 

All the sections described above concluded with a key fact as a summary. All the key 

facts together make a clear picture of how the future should be like: based on renewable 

energy sources. 

An energy system based on renewable energy sources would not only be sustainable, it 

would also be efficient against the climate change and would ensure the energy supply 

worldwide, minimizing the need to be dependent of other countries to ensure the 

energy supply. The future path is clear and should be followed, renewable energies 

could ensure a sustainable future.  
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1.3. Energy storage 

As set forth before, integrating renewable energies into the energy mix is limited by their 

intermittency and variability. Energy storage could make renewable energy sources a 

reliable option for the energy system, storing the excess generated when available could 

ensure the energy supply when renewable energy sources are not available [18]. 

Energy storage technologies can be sorted in mechanical, chemical, electrical, magnetic, 

biological and thermal energy storage [19]. 

1.3.1. Mechanical energy storage 

Mechanical energy storage technologies convert electricity in different forms of energy, 

with losses due to efficiency up to 50 % [19]. The most common mechanical energy 

storage methods are: 

• Pumped Hydroelectric Energy Storage (PHES): works depending on the energy 

demand. If demand is low, water is pumped from a river up to a reservoir to be 

released when the demand is high. Released water drives a turbine that 

generates electricity [19]. PHES can release stored energy in a short period of 

time (< 1 min), with a typical efficiency of 65-85 %. It is the most common energy 

storage installation [20]. 

• Flywheel Energy Storage (FES): energy is stored in kinetic form. During the 

storage a flywheel rotates and transfers angular momentum to a rotor, where 

the energy is stored. During the release of the energy, the rotating mass 

decelerates and generates electrical energy with a generator connected to the 

shaft. This method is cheap and has a long life cycle with low maintenance, but 

friction losses reduce its efficiency along the time [18]. Operating in vacuum is a 

suitable way to reduce friction losses [19]. 

• Gravity Energy Storage (GES): adapted from PHES, eliminates the constraints 

caused by the size of the reservoir. A piston is introduced in a shaft filled with 

water, which operates in closed loop so there is only need to fill it once. During 
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the storage, electricity is used to operate a pump that forces the water down the 

shaft, the piston is pushed upwards and held until the electricity is needed. 

During the release of the electricity, the piston is released and pushes the water 

through a turbine generating electricity [18]. 

• Compressed Air Energy Storage (CAES): during the storage, electricity is used to 

compress air that is stored in a reservoir. When electricity is needed, this 

compressed air is released and passed through a turbine, generating electricity. 

It can reach efficiencies about 70 % [18]. 

• Liquid-Piston Energy Storage (LPES): it is still under development. This system 

uses a liquid to compress a gas inside a vessel. When electricity is needed, the 

gas is expanded pushing the liquid through a pump/motor and generating 

electricity. It can reach efficiencies about 73 %, being the main drawback the 

possibility of leaks [18]. 

1.3.2. Chemical energy storage 

Chemical energy storage technologies convert electricity in chemical compounds 

through reversible chemical reactions. Energy is absorbed and released using chemical 

reactions. A known example of chemical storage are batteries, which can store a large 

amount of energy in a small volume [19]. Most of the chemical compounds used 

(butanol, ethanol, hydrocarbons, hydrogen, methane or methanol) have higher energy 

density that the mechanical storage techniques, making chemical energy storage an 

ideal way to store energy [18]. The most common chemical energy storage methods are: 

• Power-to-Gas (PtG): electricity is converted in an energy carrier that can be 

converted again back into electricity. PtG is a flexible systems as the chemical 

energy carriers can be stored, used as a fuel for transportation or industry and 

as raw materials for chemical industry. PtG can convert electricity in hydrogen or 

methane, two well-known energy carriers [21]. 

• Power-to-Liquids (PtL): based in the same technology as PtG, PtL is used to 

produce methanol as energy carrier. The main objective of producing methanol, 
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a liquid fuel, is replacing fossil fuels. Other energy carriers can be produced as 

gasoline, kerosene, dimethyl ether, diesel and waxes [21]. 

• Solar-to-Fuels (StF): solar energy is converted in fuels using carbon dioxide and 

water. There are two different pathways i) a PtL process using solar energy and 

ii) carbon monoxide is generated that can be used to generate syngas for further 

synthesis processes [21]. 

1.3.3. Electrical energy storage 

Electrical energy storage technologies store electricity in the form of electric charges 

between two conductive plates that are separated by an insulating or dieletric medium. 

The capacity of this system, thus, depends on the size of the plates, their distance and 

their material [19]. The most common electrostatic energy storage methods are: 

• Supercapacitor Energy Storage: electricity is stored in two series capacitors. 

Large energy density can be stored with a fast response to any change in power 

demand. The main drawbacks of this method are its cost, and the discharge rate 

of 5% per day, so it is only useful for short term energy storage [18]. 

• Battery Energy Storage: is the oldest electrical energy storage device, electricity 

is stored as chemical energy. It is an electrochemical technique that delivers 

electricity generated by electrochemical reactions. There are different kind of 

batteries with an efficiency between 60-80 %. The most common batteries are: 

sodium sulphur battery, sodium nickel chloride battery, vanadium redox battery, 

iron chromium battery, zinc bromine battery, zinc air battery, lead acid battery, 

lithium ion battery and nickel cadmium battery [18]. 

1.3.4. Magnetic energy storage 

Magnetic energy storage technologies store electricity in a magnetic field. Advances in 

material technologies have resulted in a development of this technique in the last years. 

The use of superconducting materials, which at low temperature have minimal electrical 

resistance, allows large currents to be transferred with minimal losses [19]. 
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Superconducting Magnetic Energy Storage (SMES) is the most developed magnetic 

energy storage method. It uses a cryogenically cooled magnetic field, reaching a 

temperature of approximately 3 K. It has a high efficiency but also high capital and 

operating costs [18]. 

1.3.5. Biological energy storage 

Biological energy storage technologies store energy in a bio-battery. Glucose is used as 

the main energy source, and it is converted using enzymes in protons and electrons, 

consequently, generating electricity [19]. 

1.3.6. Thermal energy storage 

Thermal energy storage technologies store electricity as heat or cold [21]. It is an 

environmentally-friendly technology, being its main drawback that is not suitable for 

long-term storage [19].The most common thermal energy storage methods are: 

• Sensible Energy Storage: energy is stored as internal energy induced by 

temperature changes in the material. Energy is available as heat, both in liquids 

(hot water, oil based fluids and molten salts) and in solids (metals and rock filled 

storage). Its main disadvantage is the need of large storage volumes [18,19,21]. 

• Latent Energy Storage: energy is stored as heat, which can be released or 

absorbed changing the phase of a material. The phase change usually occurs 

between solid and liquid phases, whilst vapours are not used. Its main drawbacks 

are reduced storage, chemical instability and high costs [18,19,21]. 

• Thermochemical Energy Storage: energy is stored within a reversible reaction. 

Heat is stored during the endothermic reaction step and released during the 

exothermic reaction step. Is still under development, but theoretically 

transportation and storage periods do not limit this storage method [18,19,21].
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State of the art 

In Chapter I of this PhD thesis the current energy scenario and future projections were 

described. The need of a renewable energy system was clearly presented, together with 

the need of implementing energy storage systems when an excess of electricity is 

produced from renewable sources. After describing the existing solutions for storing 

energy, Power-to-Gas (PtG) was selected as one of the most promising methods. 

The current state of the art of Power-to-Gas will be extensively analysed in this chapter. 

2.1. Power-to-Gas 

Renewable energy sources, like wind and solar power, are intermittent and variable, 

thus, their production is not coupled with the demand [22]. PtG is a technology that 

overcomes the main disadvantage of renewable energy sources, their variability, as it 

stores the excess of electricity produced when the production is higher than the 

demand, or when it cannot be introduced into the electrical grid, in a chemical carrier 

(hydrogen and/or methane). As it has been mentioned, production of synthetic fuels 

represents one of the most convenient ways to store large amounts of surplus electricity 

for long periods [23]. 

PtG technology takes places in one step, if hydrogen is to be produced, or two steps if 

the objective is the production of methane [24]: 

1. Hydrogen production via water electrolysis, using the excess of electricity 

produced from renewable energy sources. 

2. Methanation process. The hydrogen produced in the first step reacts with carbon 

monoxide and/or carbon dioxide from an external source to produce methane. 

A scheme of the PtG process is shown in Figure 2.1. 
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Figure 2.5. Scheme of the Power-to-Gas process 

2.1.1. Water electrolysis 

The first step, the only compulsory one, of PtG technology is the production of hydrogen 

by water electrolysis. Water electrolysis is an electrochemical reaction: reduction takes 

places at the cathode (Eq. 2.1) while oxidation takes places at the anode (Eq. 2.2.) giving 

the overall water electrolysis reaction (Eq 2.3), which is a highly endothermic reaction 

with a value of ∆𝐻𝐻𝑟𝑟0 = 285.8 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 [24]. 

𝐻𝐻2𝑂𝑂 (𝑙𝑙) + 2𝑒𝑒−  →  𝐻𝐻2(𝑔𝑔) +  𝑂𝑂2−              𝐸𝐸𝐸𝐸. 2.1 

𝑂𝑂2− →  
1
2
𝑂𝑂2 (𝑔𝑔) + 2𝑒𝑒−                              𝐸𝐸𝐸𝐸. 2.2 

𝐻𝐻2𝑂𝑂 (𝑙𝑙) →  𝐻𝐻2 (𝑔𝑔) +  
1
2
𝑂𝑂2(g)                    𝐸𝐸𝐸𝐸. 2.3 
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Depending on the technology employed for water electrolysis we can distinguish 

between alkaline electrolysis (AEL), polymer electrolyte membrane electrolysis (PEM) 

and solid oxide electrolysis (SOEC): 

• AEL: it is the most mature technology, which has been available for decades. In 

this technique, and aqueous alkaline solution (KOH or NaOH) is used as the 

electrolyte. The main advantage of this technology is that it can work with 

fluctuating power supplies, as the ones expected from renewable energy 

sources, while its main disadvantage is that electrolytes are highly corrosive, 

leading to high maintenance costs [24]. This technology can reach efficiencies 

between 43-66 % [21]. 

• PEM: based on solid polymer membranes, these systems are more flexible than 

the ones based on AEL and can also work under intermittent power supplies, 

producing highly pure hydrogen. The main disadvantages of PEM, compared to 

AEL, are that it is more expensive and its life time is shorter [24]. This technology 

can reach efficiencies between 68-72 % [21]. 

• SOEC: still in the laboratory stage, ZrO2 doped with 8 mol % Y2O3 is employed as 

electrolyte, allowing the conduction of oxygen ions at high temperatures. The 

main advantage of this system is its low electricity demand. The main challenges 

that need to be overcome before being a mature technology are the fast material 

degradation and the excessive steam production, which means post processing 

of the product and an increase in the costs [24]. This technology can reach 

efficiencies up to 98 % [21]. 

If electrolysers are a well-established technology, even having room for improvement, 

and hydrogen can be produced with efficiencies above 50 %, how could the need of 

taking this process further, performing one step more, and producing methane be 

justified? 

Hydrogen is not only considered one of the most promising energy vectors for 

electricity, mobility and heat, it is also an important raw material for the chemical 
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industry [25]. However, due to its high costs, most of the hydrogen employed in the 

chemical industry is not produced by water electrolysis but from fossil fuels instead [26]. 

Even if hydrogen has several uses, the main problems related to its use are both storage 

and transport. Hydrogen produced via PtG could be used locally without any problem 

but the main question is how it can be transported. Regular pipelines are not ready for 

its use with hydrogen and the amount that can be injected into the natural gas grid is 

limited. There is not actually an unified regulation for the amount of hydrogen that can 

be feed into the existing natural gas grid, even not all the countries measure the 

hydrogen content in their natural gas network [27]. As an example, Austria allows a 

hydrogen content up to 0.5 vol %, while this value is increased up to 5.0 vol % in 

Germany or Switzerland [28]. As the harmonisation of the European Natural Gas 

Network is still a to-do project, the Spanish case scenario will be considered in this PhD 

thesis, thus, the allowable amount of hydrogen to be injected in the natural gas grid will 

be considered of 5.0 vol % [29]. 

For large amounts of hydrogen, pipeline transport would be an efficient approach, 

however a dedicated pipeline needs to be designed and built [30]. 

Regarding to the storage, there are several options like high pressure gas storage, metal 

hydride storage, underground storage using caverns or cryogenic compressed liquid 

storage. Even though liquid hydrogen could be transported using ships, which is an 

established transportation method, this last option is the least feasible one as the costs 

related to compress and store hydrogen at cryogenic temperatures are really high. 

Among all the other options, either high pressure compression or metal hydrides seem 

to be the most promising ones, especially the first option as it is cheaper. The use of 

caverns can be discarded as it is only efficient for long term storage and hydrogen 

produced by PtG should be ready for its use at any time, as it should be employed to 

balance the electrical grid [24].  

32 

 



State of the art 

2.1.2. Methanation  

Hydrogen produced from water electrolysis can react with carbon dioxide to produce 

methane, which is a well-known energy carrier with a widely established distribution 

system, mainly natural gas pipelines [21]. 

Several reactions take place in the methanation process: carbon dioxide hydrogenation 

(Eq. 2.4), carbon monoxide hydrogenation (Eq. 2.5), reverse water-gas shift (Eq. 2.6) and 

Boudouard reaction (Eq. 2.7). Moreover, carbon dioxide hydrogenation reaction can be 

seen as the combination of both carbon monoxide hydrogenation and reverse water-

gas shift reactions, whilst Boudouard reaction is an important deactivation mechanism 

that results in the formation of solid carbon [24,31]. 

𝐶𝐶𝐶𝐶2 (𝑔𝑔) +  4𝐻𝐻2(𝑔𝑔) ↔  𝐶𝐶𝐶𝐶4(𝑔𝑔) +  2𝐻𝐻2𝑂𝑂(𝑔𝑔)     ∆𝐻𝐻𝑟𝑟0 = −165.1
𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚

                𝐸𝐸𝐸𝐸. 2.4  

𝐶𝐶𝐶𝐶 (𝑔𝑔) +  3𝐻𝐻2(𝑔𝑔) ↔  𝐶𝐶𝐶𝐶4(𝑔𝑔) + 𝐻𝐻2𝑂𝑂 (𝑔𝑔)        ∆𝐻𝐻𝑟𝑟0 = −206.3
𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚

                 𝐸𝐸𝐸𝐸. 2.5  

𝐶𝐶𝐶𝐶2 (𝑔𝑔) +  𝐻𝐻2(𝑔𝑔) ↔  𝐶𝐶𝐶𝐶(𝑔𝑔) + 𝐻𝐻2𝑂𝑂(𝑔𝑔)           ∆𝐻𝐻𝑟𝑟0 = +41.2
𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚

                   𝐸𝐸𝐸𝐸. 2.6  

2𝐶𝐶𝐶𝐶 (𝑔𝑔) ↔  𝐶𝐶(𝑠𝑠) + 𝐶𝐶𝐶𝐶2(𝑔𝑔)                                ∆𝐻𝐻𝑟𝑟0 = −172.5
𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚

                𝐸𝐸𝐸𝐸. 2.7 

Apart from the reverse water-gas shift reaction, all the other reactions are highly 

exothermic [32,33], hence, controlling the temperature and ensuring good cooling is 

one of the most important parameters of the methanation process. 

Being an exothermic process, high temperatures hinder the overall efficiency of the 

process. However, an eight-electron process is required to fully reduce the carbon to 

methane and there are serious kinetic limitations [34]. Apart from trying to develop 

more active and selective catalysts, and increase in the operating pressure of the 

methanation process also has a positive effect, increasing the yield to products 

according to Le Chatelier’s principle [35]. 
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The main problem associated to the methanation process is the overall loss of efficiency 

of the whole PtG process. Even if highly active catalysts were available and high 

hydrogen conversions were obtained, there would always be a decrease in the overall 

yield of the process comparing to just performing one step. According to this, why 

should we choose methane instead of hydrogen as the future energy carrier? 

Methane has different advantages when compared to hydrogen: it can be applied in the 

short term, can be easily transformed again in electricity with current technologies and 

can be widely distributed and/or stored using the existing natural gas grid [36].  

Moreover, it has higher volumetric density than hydrogen, is safer and it can also be 

used to produce different chemicals and fuels [37]. It also does have disadvantages 

being the main one that its conversion to electricity generates carbon dioxide, thus, 

contributes to the climate change [36] in opposition to hydrogen which is a carbon-free 

fuel [25]. However, as carbon dioxide is used in the methanation process, methane 

produced by this method can be considered a low-carbon or carbon-neutral fuel [38,39]. 

2.2. Carbon dioxide methanation process 

Two carbon sources can be used for the second step of the PtG technology, namely, 

methanation process: carbon monoxide and carbon dioxide. Among these two sources, 

carbon dioxide is gaining attraction in the recent years as it is one of the main 

contributors to climate change and its producing chemicals and/or fuels could 

effectively mitigate climate change. Furthermore, carbon dioxide hydrogenation 

proceeds with a lower activation energy and at a higher rate than carbon monoxide 

hydrogenation [40]. 

Carbon dioxide methanation process is also known as Sabatier reaction [41] in honour 

to the French chemist Paul Sabatier who first discovered, together with Jean-Baptiste 

Senderens, the reaction in the early 20th century [42]. Carbon dioxide methanation is a 

topic that has gained interest within the scientific community in the last lustrum, 

especially as a tool for energy storage and balancing the electrical grid. The trend in the 

papers published related to carbon dioxide methanation can be observed in Figure 2.2. 
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Figure 2.6. Trends in carbon dioxide methanation research 

Besides its usefulness to produce a valuable energy carrier as a way to balance the 

electrical grid, carbon dioxide methanation is also part of innovative research projects 

as the one proposed by the National Aeronautic Space Administration (NASA), in their 

attempt to schedule a future manned expedition to Mars, they are thinking in using the 

carbon dioxide available in the atmosphere of Mars to generate fuel (methane) and 

water for astronauts life support systems (water) [41,43]. 

In spite of gaining a complete understanding of the current state of the art of carbon 

dioxide methanation three different parameters should be analysed as they determine 

the efficiency of the carbon dioxide methanation process: catalysts, reactors and carbon 

source.  
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2.2.1. Catalysts for carbon dioxide methanation  

2.2.1.1. Active metals 

Intensive research on carbon dioxide methanation has been carried out using catalytic 

systems based on group VIIIB metals [33,34,43–59]. However, only some of those metals 

are relevant for the methanation reaction. The most suitable metals, taking into account 

activity and selectivity, for methanation process are [60]: 

Activity: Ru > Fe > Ni > Co > Mo 

Selectivity: Ni > Co > Fe > Ru 

The active metals most commonly employed for carbon dioxide methanation can be 

further described [56]: 

• Ruthenium: is the most active metal for methanation process, especially at low 

temperatures. However, its high price makes it not suitable for industrial 

applications. 

• Iron: with high activity but low selectivity to methane, it is not suitable for 

methane production. 

• Nickel: is the most selective to methane and has a high activity that it is combined 

with a low price, so it can be considered the most suitable metal for methane 

production. However, nickel based catalysts suffer from deactivation due to 

sintering [55] and coke deposition [41]. 

• Cobalt: similar to nickel based catalysts but more expensive, thus, it is not the 

best option for methanation process. 

• Molybdenum: presents the lowest activity and C2 formation is favoured. 

However, its sulphur tolerance makes it a suitable metal for methanation process 

under some particular conditions.  

36 

 



State of the art 

2.2.1.2. Supports 

Even if unsupported metals have been tested for methanation reaction, the use of 

supported catalysts has different advantages. Supports improve the dispersion of the 

active phase, decrease the formation of inactive spinel phases and modify the 

reducibility of the catalysts due to the metal-support interaction [51]. 

The most relevant supports for methanation process are: Al2O3 (especially the γ-phase), 

SiO2, TiO2, ZrO2, zeolites and, more recently, foams (especially Ni-based monolithic 

foams) and biochar [50,56,61,62]. 

2.2.1.3. Promoters 

The use of promoters and their effect depends both on the active metal and the support 

employed. The most commonly employed promoters for methanation process are 

alkaline-earth metal oxides like Mg, Ca, Sr and Ba which increase the dispersion of the 

active phase and stabilize the dispersed metal against sintering [55]. The use of alkali 

promoters can also be beneficial for some specific catalysts, creating new active sites in 

the interface between the active metal and the support [44]. Finally, one of the most 

common ways to improve a catalyst for methanation process is the combination of more 

than one transition metal oxides [63]. 

2.2.1.4. Preparation methods 

Synthesis of catalysts can be carried out using different methods, depending on the 

metals, promoters and supports employed, but also taking into account the final use of 

the catalyst. Most common catalyst preparation methods are further described below 

[64]. 

• Impregnation: depends on the interaction between the support and the metallic 

species contained in a solution. We can distinguish two different approaches to 

this technique: i) when the volume of impregnation solution is equal to or less 

than the pore volume of the support, it is called incipient wetness impregnation 
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or dry impregnation and ii) when the volume of impregnation solution is used in 

excess, it is called wet impregnation. In both cases it is important to carry out a 

careful drying process. 

• Coprecipitation: support an active metal cations are present together in the 

same solution. One of the greatest advantages of this method is its great 

reproducibility. 

• Deposition-precipitation: involves using an aqueous solution of the salt of the 

metal to be deposited (usually nitrates) together with the support and urea. The 

solution is heated and urea hydrolyses giving OH- ions. The metal then 

precipitates homogeneously on the surface of the support. 

2.2.1.5. Review of catalytic systems 

The combination of active metal-support-promoter and the preparation method is what 

gives its properties to a catalyst or catalytic system. Different reviews about the catalytic 

systems developed by researchers worldwide for methanation process haven been 

performed. The catalytic systems developed in the recent years are summarized in Table 

2.1 [65]. 

Table 2.1. Recently developed catalytic systems [65] 

Catalytic 

system 

Preparation 

method 

Reaction 

temperature 

(K) 

Pressure 

(bar) 

CO2 

conversion 

(%) 

CH4 

selectivity 

(%) 

1Rh/γ-Al2O3 Wet 

impregnation 

323-423 2 - 100 

Ni/SiO2-

Al2O3 

Incipient 

wetness 

impregnation 

773 1 35 30 
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Ni/RHA-

Al2O3 

Impregnation 773 - 70 90 

15Ni/TiO2 Deposition-

precipitation 

533 1 96 99 

25Ni/Al2O3 Impregnation-

coprecipitation 

598 15 67.3 87 

12Ni/γ- 

Al2O3 

Incipient 

wetness, 

impregnation 

483 20 80 99.5 

10Ni/La2O3 Incipient 

wetness 

impregnation 

623 15 97.1 100 

Ni/MgAl2O4 Incipient 

wetness 

impregnation 

623 1 85.82 99 

Ni/MgAl2O4 Impregnation - - - 98.4 

0.5Ni/SiO2 Impregnation 623 1 10 60 

10Ni/SiO2 - - - - 87 

Ni/ZrO2 Hydrogel 553-593 5 99 92 

23Ni/Al2O3 - 673 1 81 98 
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3Ni/MCM-

41 

- 573 1 16.8 96.1 

Ni/CeAl-p - 573 1 88 99 

2.2.1.6. Deactivation of catalytic systems 

As a chemical reaction proceeds, catalysts suffer from deactivation. This means that the 

active sites of the catalyst are no longer active. There are different deactivation 

mechanisms [66]: 

• Coking: it happens in reactions involving hydrocarbons. Coke formation occurs 

at the acid sites of the support. Coke is a high molecular entity that grows along 

the surface of the catalyst, covering not only the support but also the active sites. 

This a chemical deactivation mechanism. 

• Poisoning: a molecule interacts with the active sites of the catalysts causing their 

deactivation. Poison molecules are adsorbed on the active sites so they are not 

active for the reaction. However, poisoning can be reversible as the poison can 

be removed from the surface of the catalyst, for example by oxidation. One 

typical example is sulphur poisoning. This is a chemical deactivation mechanism. 

• Crushing: when a catalyst cannot support its own weight, the catalyst at the 

bottom of the reactor suffers from crushing or attrition due to the weight of the 

catalyst at the top of the reactor. The forming of fine particles results in blocking 

the fluid flow through the reactor. Fluids flow at high velocity through the parts 

of the reactor that are not blocked, thus, at a short residence time that reduces 

catalysts productivity. This is a mechanical deactivation mechanism. 

• Sintering: occurs at high temperatures, usually above 873 K. Metallic sites diffuse 

across the surface of the catalyst, until they encounter another active site and 

they form agglomerations which are inactive. This is a thermal deactivation 

mechanism. 
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2.2.2. Reactors for carbon dioxide methanation 

Up to the date, different reactor concepts for carbon dioxide methanation process have 

been developed. There are two main approaches to the design of a reactor for carbon 

dioxide methanation: fixed bed reactor and fluidized bed reactor [22], but there are also 

other approaches. 

2.2.2.1. Fixed bed reactors 

Catalysts are introduced in pellet form inside the reactor, forming a homogeneous 

catalytic bed. Due to the high exothermicity of the reaction, usually a series of fixed bed 

reactors configured as a cascade are employed, with intermediate gas cooling, gas 

recycling and reaction heat recovery steps. Hot spots must be avoided in order to 

preserve the catalysts. Mass transfer limitations are one of the main drawbacks of this 

reactors [67]. Up to the date, different industrial methanation systems have been 

developed using fixed bed reactors [56]. 

• Air Liquide: developed in the 1970s, the system was based on two fixed bed 

reactors with intermediate gas cooling and gas recycling. 

• British Gas and Conoco: developed in 1973, was based on three fixed bed 

reactors with intermediate gas cooling and gas recycling. This design is currently 

available by Johnson Matthey. 

• Haldor Topsøe: similar to the one designed by Air Liquide, but with thee-four 

fixed bed reactors instead of two. Developed in 1978 for high-temperature 

methanation (< 973 K). This design is still available. 

• Ralph M. Parsons: a different approach, this design combined four-seven 

adiabatic fixed bed reactors to avoid cooling and recycling. However, it was never 

employed. 

• Imperial Chemical Industries and Koppers: the system was based on the use of 

several fixed bed reactors in series with intermediate cooling. Steam was added 

between the reactors to limit catalyst temperature increase inside the reactors. 
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• Clariant and Foster Wheeler: the system was based on three fixed bed reactors 

with steam, as the design by Imperial Chemical Industries and Koppers, to gain 

control over the temperature.  

• Linde: the system was based on a cooled reactor with an integrated heat 

exchanger and a second adiabatic reactor. This design was never employed, 

however it was useful for a further developing of reactors for methanol 

synthesis. 

2.2.2.2. Fluidized bed reactors  

Solid catalysts particles are fluidized, being the result a strong turbulence that creates 

an approximately isothermal temperature profile in the reactor. Fluidized bed reactors 

are characterised for a good heat release, combined with reduced mass transfer 

limitations so there is no need for a cascade set-up, making the design simpler. The main 

drawbacks of this reactors are that they are limited for unsteady operation and that the 

movement of the catalysts causes abrasion to both the catalyst and the reactor [67]. Up 

to the date, there are not industrial methanation systems using fluidized bed reactors, 

but different pilot-plants have been tested [56]. 

• Bituminous Coal Research Inc: the system was based on a reactor with two 

internal heat exchanger in the catalytic bed. The development started in 1963 

and was tested at laboratory for several hours. 

• Thyssengas: a similar concept, based on a reactor with internal heat exchanger, 

was operated from 1977. 

2.2.2.3. Other reactor configurations 

• Bubble columns: a 3-phase system. Introducing a liquid phase, this promotes the 

heat release, thus, reaching an isothermal profile in the reactor. Even if abrasion 

is avoided, the inclusion of a third phase results in a more complicated design 

and operation, plus increased mass transfer limitations [67]. 
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• Biological processes: they are out of the scope of this PhD thesis. However, it is 

important to know that exists the possibility of substituting catalysts by enzymes. 

Biological methanation is particularly used for biogas processing [67]. 

• Process intensification: developed in recent years to overcome the main 

drawbacks of this process, as the formation of hot spots, monoliths and 

microreactors are an innovative concept for the methanation process. 

Structured reactors combine great heat transfer with small pressure drop, 

together with a more compact design. The main drawback of this reactors is that 

catalyst loading and replacing is more difficult [24]. 

2.2.3. Carbon source for carbon dioxide methanation 

Carbon dioxide for the methanation process could be provided from different sources. 

The optimal carbon dioxide source should be cheap, with low energy requirements, with 

high purity and able to adapt to fluctuating demand due to the fact that hydrogen supply 

for the methanation would be intermittent, dependant in the excess of electricity from 

renewable energy sources. 

We can distinguish different carbon dioxide sources as fossil fuel power plants, biogas, 

industrial processes and air. 

• Fossil power plants: related to Carbon Capture and Sequestration (CCS) there are 

several technologies available for its separation from other compounds, being 

the total cost in the range of 20-60 €/tCO2 and a loss of efficiency of the 

methanation process of 2-5 % due to the energy needed for its separation. The 

main disadvantage of this carbon source is that needs to be transported to the 

methanation plant [24,30]. 

• Biogas: gasification of biomass results in a carbon dioxide source approximately 

equal to the one obtained from fossil power plants. However, carbon dioxide 

from biomass fermentation is a free of charge source as it is provided by a waste 

without any need of energy. However, biogas produced from biomass 

fermentation has several components that need to be removed before the 
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methanation process [24]. Biogas from waste-water treatment could also be an 

interesting source, but again with the need to remove several compounds [23] 

• Industrial process: as fossil power plants, providing carbon dioxide from 

industrial processes is based on CCS technology. The industrial processes that 

emit most carbon dioxide are cement and steel industries. These emissions 

cannot be avoided, so their use to produce methane is a good opportunity to 

valorise them. Once again, being stationary carbon dioxide sources it is a 

drawback as it implies transport costs [30]. 

• Air: it is a dynamic carbon source so transport is avoided but the costs of 

concentrating carbon dioxide from air are too high, being the cost of carbon 

dioxide of 1000 €/t. This price, together with the high amount of energy needed, 

makes it not a suitable carbon source [30]. 

At this moment, biogas is the most suitable source of carbon dioxide for carbon dioxide 

methanation process. The problem associated with the transport of carbon dioxide 

could be solved building the PtG plant close to a biogas treatment plant, as in currently 

available industrial projects like the one developed by Etogas [68]. 

In the future, with CCS fully developed and integrated in the industry almost pure carbon 

dioxide should be available from pipelines [23], as it is already in some specific industrial 

complexes [24]. 

2.2.4. Photocatalysis for carbon dioxide methanation 

The catalysts and the reactor configurations reviewed in the previous sections can be 

considered the most stablished way to drive a reaction, namely, thermal catalysis. 

However, different approaches can also be taken into account. One of the most novel 

ways of driving a chemical reaction is photocatalysis which uses light of different 

wavelengths to drive a chemical reaction, thus, being photons of a correct wavelength 

the responsible of supplying energy to the reaction instead of the heat, as it happens in 

the thermal catalysis process. However, the influence of heat can also be present in 

photocatalytic reactions as localised heating induced by light irradiation. 
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Conventional photocatalysis takes advantage of the properties of semiconductor 

materials, specifically their electron-hole separation, to improve the rate of chemical 

reactions using light irradiation. Semiconductor based photocatalysts, when irradiated, 

suffer a charge separation that results in the formation of an electron-hole pair [69], 

being the generated electron responsible of the reduction step of a reaction and the 

hole where oxidation takes place [70]. One of the main drawbacks of using 

semiconductor based photocatalysts is their fast electron-hole recombination [71]. 

Recent advances in photocatalysis include the use of metallic nanostructures that 

enhance light absorption via localised surface plasmon resonance (LSPR) [72]. Some 

metals, especially noble ones like Au and Ag, present strong light absorption and 

scattering at specific wavelengths due to the LSPR effect that consists in the strong 

oscillation of metal’s free electrons with the varying electric field of the incident light 

[73]. LSPR effect can be furtherly explained:  

The free electrons confined in noble metal nanoparticles oscillate at a frequency. If 

irradiated with light of the same frequency they enter in resonance state, creating an 

intense and highly localised electromagnetic field [74]. A picture of the LSPR on metallic 

nanoparticles (NPs) can be seen in Figure 2.3 [75]. 

 

Figure 2.7. LSPR on metallic NPs [75] 

The LSPR effect can be divided in two different mechanisms: i) indirect photocatalysis, 

where the excitation is transferred to a nearby semiconductor or other metal, and ii) 
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direct photocatalysis where the excited metal act as the catalytically active site [76]. The 

indirect effect takes place when the created hot electron, which is a free electron that 

has been promoted to a higher energy level, is transferred to nearby acceptors [77]. 

As it can be seen, LSPR assisted photocatalysis is a complex process where different 

mechanisms can take place. For a better understanding of this effect, all the mechanisms 

are summarised in Figure 2.4 [77]. 

 

Figure 2.8. Possible mechanisms LSPR assisted photocatalysis [77] 

The different mechanisms depicted in the picture can be described as follows: 

a) Localised heating. 

b) Enhancement of the optical near field at the vicinity of the NP, increasing the photon 

rate seen by the reactant. 

c) A hot electron being transferred to the adjacent reactant. 

d) Electron-hole generation rate is enhanced by the heat generated by the NP. 

e) Electron-hole generation rate is enhanced by the strong optical near field of the NP. 

f) The photocatalyst adjacent to the NP is activated by the hot electron transferred from 

the NP. 

Up to the date most of the research that has been carried out in the field of LSPR for 

carbon dioxide methanation process is based in the use of semiconductors like TiO2 as 

catalytic support, meaning that the mechanism that takes places is based in electron-
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hole generation (either type d or type e mechanism), while the most used metal is gold 

due to its excellent plasmonic properties [32,69–71,78,79]. There are different 

alternatives to gold, like silver and copper, but they tend to oxidise [80] making them 

not suitable plasmonic materials for several reactions. However, the high sensitivity that 

presents the silver when irradiated [81] and taking into account that carbon dioxide 

methanation reactions occurs in hydrogen atmosphere so that oxidation should not be 

a problem, silver can be considered a promising metal for this reaction. Indeed, silver 

not only has strong LSPR properties but it is also considered an active metal for carbon 

dioxide methanation reaction, whilst gold and copper are not [56]. 

As it has been mentioned for the gold based photocatalysts, most of the research carried 

out in this field with silver based photocatalysts has been performed using a 

semiconductor, mostly TiO2, as catalytic support [71]. Nevertheless, not much research 

has been carried out using silver NPs as LSPR material. 

To our knowledge, the use of silver NPs over a non-semiconductor support for carbon 

dioxide methanation process has not been reported which makes this a novel research 

field.
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Objective and scope 

In the Chapter I of this PhD thesis an overview of world’s actual energy system and 

projections for the future were presented. Moreover, the increasing population, 

therefore, increasing energy demand and the increasing awareness about the need to 

face the climate change were presented as the main reasons to rely on a sustainable 

energy system. 

With the purpose of developing a sustainable energy system, Power-to-Gas was 

presented as a promising technology that allows the integration of renewable energy 

sources into the existing energy mix. It also decreases carbon dioxide emissions to the 

atmosphere, as it is used as raw material to produce methane, which can be used as fuel 

for transportation, for electricity generation or stored. 

In the Chapter II of this PhD thesis, methane production step of Power-to-Gas was 

described, namely, methanation process performing an extensive literature review of 

the current state of the art in that research field. 

3.1. Objective 

The main objective of the current PhD thesis is the development of advanced catalytic 

systems for the carbon dioxide methanation reaction. This work aims to have an 

academic interest, being useful for the scientific community and serving as a 

contribution in the field of heterogeneous catalysis and sustainable engineering. Even 

more, it aims to have an industrial interest, proposing an effective way to produce 

methane via carbon dioxide methanation process. 

For this research, nickel was selected as the main active metal as it has been proved that 

it shows great activity for carbon dioxide methanation process, likewise other metals 

from group VIIIB. Although nickel is not as active as some noble metals, as ruthenium, 

its price way lower than the one of noble metals makes it a really interesting metal for 

this application. 

In order to attain the objective of this thesis, some partial goals must be fulfilled: 
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• Selection of the optimal synthesis and operating conditions, including calcination 

temperature of the catalysts and operating pressure. 

• Catalysts synthesis and activity tests in fixed bed reactors. 

o Use of novel materials for the synthesis of catalysts: industrial residues 

and natural supports. 

• Testing in photocatalytic reactors, an innovative and sustainable approach to 

carbon dioxide methanation process and its comparison with fixed bed reactors. 

Gold and silver were selected, due to their surface plasmon properties, as the 

active metals for photocatalysts both alone or mixed with nickel. 

• Study of the correlation among catalysts physicochemical properties and the 

activity results in driving the carbon dioxide methanation reaction. For this 

purpose, both fresh and used catalysts should be analysed using different 

characterisation techniques. This exhaust analysis should lead to the 

understanding of the different factors affecting the activity achieved by the 

catalysts. 

• Process scale-up, design of an industrial plant to produce methane from carbon 

dioxide using all the knowledge gained in the previous steps to design the plant. 

As it can be seen, the final objective of this PhD thesis is not only to design effective 

catalytic systems and reactors, but finally scale-up all the process and propose an 

industrial application of carbon dioxide methanation process. 
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Experimental 

To ensure a better understanding of this thesis, without an unneeded repetition during 

the next chapters, all the experimental procedures carried out along the present PhD 

thesis are described in detail in this chapter. Furthermore, all the technical information 

is located in this chapter making it easier for the reader to find it. In the following 

chapters references are made to the corresponding sections of this Chapter IV. 

4.1. Catalyst preparation 

Three different catalyst preparation techniques were employed, corresponding to the 

final use of the catalysts in fixed bed reactors, microreactors or photocatalytic reactors. 

4.1.1. Catalysts for fixed bed reactors 

Catalysts prepared for being tested in fixed bed reactors were prepared by incipient 

wetness impregnation (IWI) method. The typical procedure carried out for catalysts 

preparation is detailed below. 

The support, previously calcined at 673 K using a ramp of 5 K/min and maintaining the 

temperature during 4 hours except for two supports, calcined at 573 K and 773, with the 

same ramp and also during 4 hours, and metallic precursor were mixed in a calculated 

ratio in order to achieve the desired composition for each catalyst. The amount of water 

needed was determined taking into account the mass of support and the pore volume 

of the support, adding three times the amount of deionized water to completely fill all 

the pores of the support. 

The pH of the mixture was adjusted according to the calculations made by Marek 

Kosmulski [82]. A homogeneous mixture of both compounds was obtained after mixing 

overnight the suspension containing the support and the metallic precursor. A rotary 

evaporator (model Heidolph Laborota 4000), equipped with a vacuum pump for 

reducing the boiling temperature of the solution, was employed to remove the excess 

of solvent in the prepared mixture. This evaporation was carried out at 338 K and 40-

100 mbar. 
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After the evaporation, the obtained solid was dried in an oven at 373 K during 1 hour, 

as to ensure a complete drying. Once dried, the catalysts were calcined in air 

atmosphere at 673 K, using a ramp of 5 K/min and then maintaining the temperature 

during 4 hours (except for some catalysts that were calcined at 573 K and 773 K using 

the same ramp and during the same time). Catalyst particles were later pressed and 

sieved to a particle size of 0.42 mm < dp < 0.50 mm in order to avoid bypassing near the 

wall of the reactor, as it was explained in a previous work [83]. 

Henceforth, the catalysts prepared by IWI are denoted as 13Ni-yM/Support where y 

denotes the theoretical amount in weight percent (wt %) of other metals (if applicable) 

and Support one of the supports employed. 

The supports used for preparing the catalysts to be tested in fixed bed reactors are listed 

below: 

• Al2O3 (γ) (Merck, ≥ 99.99 %) 

• ASA (Sigma-Aldrich) 

• Zeolite H-ZSM-5(Zeolyst) 

• SiO2 (Sigma-Aldrich, 99.8 %) 

• Zeolite H-Beta (Zeolyst) 

• SBA-15 (Sigma-Aldrich, 99 %)  

• FlyAsh-Al2O3 (γ) (1:1) 

• Sepiolite (Sepiolsa) 

• Stevensite 

• Attapulgite (Sepiolsa) 

• FeSiMg (Ilarduya) 

• Lava Etna 

• Waelz (Befesa) 

• WDL (Waelz double leached) 

(Befesa) 

• Paval (Befesa) 

• PFS (fine and dried Paval) 

(Befesa)  

The metallic precursors employed for preparing the catalyst to be tested in the fixed bed 

reactors are listed below: 

• Nickel (III) nitrate hexahydrate 

(Sigma-Aldrich, 99.999 %) 

• Chromium (III) nitrate 

nonahydrate (Sigma-Aldrich, ≥ 

99.98 %) 

• Zirconium (IV) oxynitrate 

hydrate (Sigma-Aldrich, 99.99 %) 
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Finally, the prepared catalysts using different combinations of supports and metallic 

precursors presented above, are listed below: 

• 13Ni/Al2O3 (γ) (573 K) 

• 13Ni/Al2O3 (γ) (673 K) 

• 13Ni/Al2O3 (γ)  (773 K) 

• 13Ni/ASA 

• 13Ni/H-ZSM-5 

• 13Ni/SiO2 

• 13Ni/H-Beta 

• 13Ni/SBA-15 

• 13Ni/3Cr-4Zr-Al2O3 (γ) 

• 13Ni/FlyAsh-Al2O3 (γ) 

• 13Ni/Sepiolite 

• 13Ni/Stevensite 

• 13Ni/Attapulgite 

• 13Ni/FeSiMg 

• 13Ni/Lava Etna 

• 13Ni/Waelz 

• 13Ni/WDL 

• 13Ni/Paval 

• 13Ni/PFS 

It is important to remind two key features of catalysts preparation: 

1. All the catalytic systems were calcined at 673 K, unless a different temperature 

is stated among brackets. Catalysts calcined at different temperatures were part 

of a batch employed to determine the most suitable calcination temperature, 

which was determined as 673 K. 

2. The metal loading appointed in the naming of the catalysts is a reference to the 

theoretical metal loading. Real metal loading was calculated by ICP-OES and will 

be depicted in future chapters. 

4.1.2. Catalysts for photocatalytic reactors 

In the case of the catalysts that were prepared for being tested in photocatalysis, not 

only the incorporation of the metal was carried out but also the supports were prepared 

in the laboratory. 

The supports were prepared by flame spray pyrolysis (FSP) method. This method 

consists in the combustion of an appropriate organometallic precursor mixed with an 

organic solvent, in order to obtain a high energy of combustion, to create nanoparticles 
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of the desired material. FSP facilitates a self-sustaining flame, with proven scalability and 

the ability to tune the properties of the synthesised materials [84]. The supports were 

prepared using an experimental setup described extensively elsewhere [85] with a 

precursor feed rate of 5 mL/min. The SiO2 support was prepared using this method, with 

a concentration of precursor of 1.0 M hexamethyl disiloxane (Sigma-Aldrich, ≥ 98.5 %) 

in xylenes (Sigma-Aldrich, reagent grade). 

Metals were incorporated to the FSP prepared supports using deposition-precipitation 

or impregnation methods, depending on the metals employed. These catalysts were 

prepared with nickel (as active metal) and/or different noble metals like gold due to its 

proven plasmonic properties [32,70,78,79,86] or silver, due to its promising behaviour 

under light illumination [69,71]. The use of silver constitutes an interesting challenge 

due to the fact as, to our knowledge, it has not been widely studied due to different 

drawbacks as its easy oxidation. For the catalysts containing gold, deposition-

precipitation was employed instead of the IWI method employed for preparing the 

catalysts tested in fixed bed reactors, as the impregnation of supported gold catalysts is 

difficult when small nanoparticles with a narrow size distribution are required [87]. The 

typical procedure carried out for catalysts preparation by deposition-precipitation 

method is detailed below: 

A solution containing the support, an appropriate amount of the metallic precursor and 

250 mL of deionized water was prepared. The pH of this solution was measured and if 

needed adjusted to 2.5. The solution containing the support and the metallic precursor 

was mixed with a solution containing approximately 0.5 g of urea and 5 mL of deionized 

water. This mixture was stirred at 1,200 RPM during 24 hours. After this time, the 

mixture was cooled down and centrifuged at 10,000 RPM during 15 min, obtaining a 

precipitated solid. This solid was washed with deionized water, and centrifuged again, 

repeating the centrifuge-washing procedure three times. 

The obtained solid was introduced in an oven at 373 K during 17 hours to ensure its 

complete drying. After this, the catalyst was calcined in air atmosphere during 4 hours 

at 723 K with a heating ramp of 5 K/min. 
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The catalysts containing silver were prepared by the impregnation method described 

previously, although some modifications were made: the amount of water added was 

not dependent on the pore volume of the support, due to the fact that FSP prepared 

supports are non-porous material, but calculations were made to ensure a 

concentration of the metals in the solution of 1.0 M. For this catalysts pH was not 

adjusted during the preparation step. For the catalysts containing also nickel, 

impregnation method was also the employed one, but two different approaches can be 

distinguished: sequential impregnation and coimpregnation. In the case of the 

sequential impregnation first silver was added to the support by IWI and, after 

calcination, nickel was added by the same method followed by another calcination step. 

The coimpregnation method was analogue to the IWI method employed, however the 

prepared solution contained the two metals, namely, nickel and silver. In both cases, the 

solution was mixed during 3 hours and then dried in an oven at 373 K during 17 hours. 

After the drying step, the catalyst was calcined in air atmosphere during 4 hours at 723 

K with a heating ramp of 5 K/min. 

All the catalysts to be tested in photocatalytic reactors were manually milled after the 

calcination step. 

The photocatalysts containing gold or used as a reference to analyse the influence of 

adding gold to the catalyst are listed below: 

• 5Ni/SiO2 (gold) 

• 5Au/SiO2 

• 5Ni-5Au/SiO2 

The photocatalysts containing silver or used as a reference to analyse the influence of 

the addition of silver to the catalyst are listed below: 

• 5Ni/SiO2 (silver) 

• 1Ag/SiO2  

• 5Ni-1Ag/SiO2 coimpregnation 

(CI) 
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• 5Ni-1Ag/SiO2 sequential 

impregnation (SI) 

• 1Ag-5Ni/SiO2 SI
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As it was stated for the catalysts prepared to be tested in fixed bed reactors, the metal 

loading in the naming of the catalysts is a reference to the theoretical metal amount (wt 

%) and not the real composition to be determined by a characterisation techniques. 

In the case of the catalysts prepared by SI, the first metal in the naming is the one 

impregnated in the second step. 

4.2. Catalyst characterisation 

Different characterisation techniques were employed to gain information about the 

physicochemical properties of the catalysts, including: ammonia temperature 

programmed desorption(NH3-TPD), carbon dioxide temperature programmed 

desorption (CO2-TPD) carbon monoxide chemisorption (CO chemisorption), hydrogen 

temperature programmed reduction (H2-TPR), inductively coupled plasma-optical 

emission spectroscopy (ICP-OES), nitrogen adsorption-desorption isotherms, 

transmission electronic microscopy (TEM), ultraviolet-visible spectroscopy (UV-Vis), X-

ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). 

4.2.1. NH3-TPD 

NH3-TPD technique was employed to determine the acidity of the fresh reduced 

catalysts. Measurements were performed in a Micromeritics Autochem 2920 II 

instrument. Prior to the analysis, samples were heated from room temperature up to 

673 K with a heating ramp of 10 K/min and were reduced at 673 K during 4 hours under 

hydrogen atmosphere (equal to the reduction conditions carried out before the activity 

tests). After the reduction, samples were cooled down to 373 K and saturated with 10 

% NH3/He during 30 minutes. In order to remove the physically adsorbed NH3, samples 

were heated up to 423 K while being flushed with He. Finally, samples were heated up 

to 723 K with a heating ramp of 10 K/min and the release of NH3 was monitored by the 

TCD.  
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4.2.2. CO2-TPD 

CO2-TPD technique was employed to determine the basicity of the fresh reduced 

photocatalysts. Measurements were performed in a Micromeritics Autochem 2920 II. 

Prior to the analysis, samples were heated from room temperature up to 723 K with a 

heating ramp of 5 K/min and were reduced at 723 K during 4 hours under hydrogen 

atmosphere (equal to the reduction conditions carried out before the activity tests). 

After the reduction, samples were cooled down to 323 K and saturated with 50 % 

CO2/He during 30 minutes. In order to remove the physically adsorbed CO2, samples 

were flushed with He. Finally, samples were heated up to 1173 K with a heating ramp of 

10 K/min and the release of CO2 was monitored by the TCD. 

4.2.3. CO chemisorption  

CO chemisorption technique was employed to determine the metallic dispersion of the 

fresh reduced catalysts. Measurements were performed in a Micromeritics Autochem 

2920 II instrument. Prior to the analysis, samples were heated from room temperature 

up to 673 K with a heating ramp of 10 K/min and were reduced at 673 K during 4 hours 

under hydrogen atmosphere (equal to the reduction conditions carried out before the 

activity tests). Then, samples were cooled down to 308 K under helium atmosphere to 

remove impurities from the catalysts. After that, chemisorption measurements were 

performed using carbon monoxide as the probe molecule. CO chemisorption uptakes 

were measured by pulses of pure CO, the CO/nickel adsorption stoichiometry employed 

for the estimation of the metallic dispersion was 1. 

4.2.4. H2-TPR 

Temperature programmed reduction technique was employed to determine the 

reducibility of the surface species of the calcined catalysts. Measurements were 

performed in a Micromeritics Autochem 2920 II instrument. Prior to the analysis, 

samples were heated under helium atmosphere from room temperature up to 523 K 

with a heating ramp of 10 K/min and maintaining the temperature 2 hours. This 
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procedure was carried out so as remove water and other impurities from the surface of 

the catalysts. Hydrogen was selected as the reducing agent, thus, samples were heated 

under 5 % hydrogen in argon atmosphere from room temperature up to 1273 K with a 

heating ramp of 10 K/min. A thermal conductivity detector (TCD) downstream of the 

sample recorded the changes in the concentration of H2. 

4.2.5. ICP-OES 

ICP-OES technique was employed to determine the chemical composition of the 

calcined catalysts. Measurements were performed in a Perkin-Elmer Optima 2000 

instrument. Prior to the analysis, samples were disaggregated in an acid mixture (2 mL 

of HCl, 3mL of HF and 3 mL of HNO3). The solution containing the solid and the acid 

mixture was introduced in a microwave oven and heated from room temperature up to 

453 K with a heating ramp of 7 K/min and maintaining the temperature 30 min. After 

this process the samples were totally decomposed, being the result a liquid that was 

diluted to 100 mL using deionized water. This solution was introduced in the instrument 

and as a result chemical composition was retrieved. 

4.2.6. N2 adsorption-desorption isotherms  

N2 adsorption-desorption isotherms technique was employed to determine the textural 

properties of the calcined catalysts (surface area, pore volume and average pore 

diameter). Measurements were performed in a Quantachrome Autosorb 1C-TCD 

instrument. Prior to the analysis, samples were degassed at 573 K during 3 hours. N2 

adsorption-desorption isotherms were measured at 77 K. 

Surface area was calculated using the Brunauer, Emmett and Teller (BET) method while 

the average pore diameter was calculated with the Barrett, Joyner and Halenda (BJH) 

method applied to the desorption branch of the isotherms. 

4.2.7. TEM 

TEM technique was employed to determine the morphology of the fresh reduced 

catalyst and both the morphology and the presence of coke in the used catalysts. 

67 

  



Chapter IV 

Measurements were performed in a Philips SuperTwin CM200 instrument, operated at 

200 kV and equipped with a LaB6 filament and EDAX EDS microanalysis sample. Prior to 

the analysis, fresh samples were heated from room temperature up to 673 K with a 

heating ramp of 10 K/min and were reduced at 673 K during 4 hours under hydrogen 

atmosphere (equal to the reduction conditions carried out before the activity tests) 

while used samples did not need any pre-treatment. All the samples were dispersed 

using ethanol as solvent and placed on a carbon-coated copper grid (300 mesh), then 

dried under vacuum. 

4.2.8. UV-Vis 

UV-Vis technique was employed to determine the plasmonic properties of the catalysts. 

Samples were measured in Shimadzu UV-Vis-NIR spectrophotometer in reflectance 

measuring mode, using BaSO4 as reference material. The UV-Vis spectra was collected 

in a range of wavelength of 800-200 nm, with a sampling interval of 1 nm and in the slow 

mode. The slid width employed for the measurements was 2 nm. As the measurements 

were carried out in reflectance measuring mode, Kubelka-Munk transformation was 

performed to obtain the absorbance of the different samples [88]. 

4.2.9. XRD 

XRD technique was employed to determine the crystalline species of the fresh reduced 

catalysts and their average crystal size. This technique can measure at about 1-2 µm 

depth of the sample. Measurements were performed in a PANalytical X’Pert Pro 

instrument. Prior to the analysis, samples were heated from room temperature up to 

673 K with a heating ramp of 10 K/min and were reduced at 673 K during 4 hours under 

hydrogen atmosphere (equal to the reduction conditions carried out before the activity 

tests). 

Average crystal size was calculated using Scherrer equation.  
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4.2.10. XPS 

XPS technique was employed to determine the elemental composition at the surface of 

the fresh reduced and used catalysts. This technique can measure at about 10-20 nm 

depth of the sample so it can be considered, compared with XRD, a surface analysis. 

Measurements were performed in a SPECS instrument equipped with a Phoibos 150 1D-

DLD analyser and an Al Kα (1486.6 eV) monochromatic radiation source with electrons 

output angle of 90°. Prior to the analysis, fresh samples were heated from room 

temperature up to 673 K with a heating ramp of 10 K/min and were reduced at 673 K 

during 4 hours under hydrogen atmosphere (equal to the reduction conditions carried 

out before the activity tests) while used samples did not need any pre-treatment. 

4.3. Activity tests 

As with the catalysts synthesis techniques, we can also distinguish three different 

experimental setups. 

4.3.1. Fixed bed reactors 

Activity tests were performed in a bench-scale plant (PID Eng&Tech), using a stainless 

steel fixed bed reactor. The reactor (0.4 cm i.d. and 30 cm length) was electrically heated 
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in a furnace. A scheme of the bench-scale plant is shown in Figure 4.1.

 

Figure 4.9. Scheme of the bench-scale plant 

The catalysts were reduced in situ before the activity tests, at the same temperature 

used at the calcination step, during 4 hours using a mixture of N2 and H2 in a 3:1 ratio. 

During the reaction step H2 and CO2 were fed in a 4:1 ratio (with a total flow of 220 

mL/min) with a weight hourly space velocity 33.5 gfeed/(gcat h). 

Three different activity tests were performed: 

1. Selection of the most suitable synthesis and operating conditions: 

a. Temperature: a nickel/alumina (γ) catalyst calcined at three different 

temperatures was employed as a reference to determine the most 

suitable calcination temperature. 

b. Pressure: once the most suitable calcination temperature was selected, 

that catalyst was tested at 1 bar, 10 bar and 15 bar to determine the most 

suitable operating pressure. 
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2. Regular activity tests: the activity of the prepared catalysts was tested at 10 bar 

pressure and at different temperatures between 523-773 K. Each temperature 

was maintained during 90 minutes. After this time, temperature was increased 

in 50 K.  

3. Stability activity tests: the best catalysts from the regular activity tests were 

tested at 10 bar pressure and at 523 K during 25 hours and 120 hours in order to 

analyse the deactivation of the catalysts. 

In all the cases, the catalyst was introduced in the reactor and diluted with inert SiC, in 

order to minimise thermal gradients in the catalytic bed (weightcatalyst/weightSiC = 1:4.5). 

Condensed water and gas products were separated. The gas phase was on-line analysed 

using a Varian CP-4900 MicroGC equipped with a high sensitivity TCD and two columns 

(10 m Molecular Sieve 5, 10 m Poraplot Q). Produced water was collected, weighed and 

measured. 

For a better understanding of the process behaviour, different parameters were 

calculated, which are defined below: 

𝐶𝐶𝐶𝐶2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (%):𝑋𝑋𝐶𝐶𝐶𝐶2 =  
(𝑚𝑚𝑚𝑚𝑚𝑚𝐶𝐶𝐶𝐶2

𝑖𝑖𝑖𝑖 −  𝑚𝑚𝑚𝑚𝑚𝑚𝐶𝐶𝐶𝐶2
𝑜𝑜𝑜𝑜𝑜𝑜)

𝑚𝑚𝑚𝑚𝑚𝑚𝐶𝐶𝐶𝐶2
𝑖𝑖𝑖𝑖  × 100                   𝐸𝐸𝐸𝐸. 4.1 

𝐻𝐻2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (%):𝑋𝑋𝐻𝐻2 =  
(𝑚𝑚𝑚𝑚𝑚𝑚𝐻𝐻2

𝑖𝑖𝑖𝑖 −  𝑚𝑚𝑚𝑚𝑚𝑚𝐻𝐻2
𝑜𝑜𝑜𝑜𝑜𝑜)

𝑚𝑚𝑚𝑚𝑚𝑚𝐻𝐻2
𝑖𝑖𝑖𝑖  × 100                        𝐸𝐸𝐸𝐸. 4.2 

𝐶𝐶𝐶𝐶4 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 (%):𝜂𝜂𝐶𝐶𝐶𝐶4 =  
(𝑚𝑚𝑚𝑚𝑚𝑚𝐶𝐶𝐶𝐶4

𝑖𝑖𝑖𝑖 −  𝑚𝑚𝑚𝑚𝑚𝑚𝐶𝐶𝐶𝐶4
𝑜𝑜𝑜𝑜𝑜𝑜)

𝑚𝑚𝑚𝑚𝑚𝑚𝐶𝐶𝐶𝐶4
𝑜𝑜𝑜𝑜𝑜𝑜  𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

 × 100                      𝐸𝐸𝐸𝐸. 4.3 

𝐶𝐶𝐶𝐶4 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (%):𝑆𝑆𝐶𝐶𝐶𝐶4 =  
𝑚𝑚𝑚𝑚𝑚𝑚𝐶𝐶𝐻𝐻4

𝑜𝑜𝑜𝑜𝑜𝑜

𝑚𝑚𝑚𝑚𝑚𝑚𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜 
 × 100                                         𝐸𝐸𝐸𝐸. 4.4 

4.3.2.  Photocatalytic reactors 

Photocatalysis activity tests were carried out in a Raman high temperature reaction 

chamber consisting of three inlet/outlet ports for evacuating the cell and introducing 
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gases, an 8 mm open aperture and removable 13 x 2 mm SiO2 window to allow for laser 

light illumination. This reaction chamber was mounted on an optical breadboard and 

positioned below a laser diode mounted within an optical enclosure. A temperature 

bath supplied cooling water at 288 K through the reaction chamber at a flow rate of 5 

L/min when in operation. 

The catalysts containing gold were prereduced ex situ at 973 K during 1 hour and then 

passivated, to avoid further oxidation when contacting with the ambient, with O2 highly 

diluted in He during 17 hours. 

All the catalysts were reduced in situ during 3 hours at 673 K, using a mixture of N2 and 

H2 in a 1:1 ratio. During the reaction step H2 and CO2 were fed in a 4:1 ratio with a weigh 

hourly space 17.1 gfeed/(gcat h). 

Different laser diodes were employed, being the one irradiating at 520 nm the main one 

for the gold catalysts and the one at 405 nm the main one for the silver catalysts. A laser 

diode of 660 nm was also employed to analyse the influence of different wavelengths. 

Both the reaction chamber and the laser diode were placed inside a black box, ensuring 

that laser light was not irradiated outside the box, which could be dangerous due to the 

intensity of the laser. 

A scheme of the reaction chamber and the laser illumination system are presented in 

Figure 4.2. 
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Figure 4.10. Reaction chamber and laser illumination system 

Gas composition was determined using a Shimadzu 2010 Gas Chromatograph unit (30 

m column), in which the FID was used to detect CO, CH4 and CO2 and the TCD was used 

to detect H2 and N2. A cold trap was placed upstream the GC in order to avoid injecting 

water into the GC which could damage the detectors. 

A scheme of all the setup for the activity tests with photocatalysts can be observed in 

Figure 4.3, including all the mass-flow controllers for gas feeding and the gas 

composition analysis system. 
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Figure 4.11. Scheme of the photoreactor system 
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Results 

In Chapter III of this current PhD thesis, different partial goals that should be fulfilled in 

order to attain the objective of the thesis where listed. As the experimental 

methodology was clearly described in Chapter IV of this PhD thesis, only the results will 

be presented in this chapter, specifically the results corresponding to the first two partial 

goals: analysis of the most suitable operating conditions and the activity tests carried 

out in fixed bed reactors and photocatalytic reactors. 

5.1. Analysis of the most suitable operating conditions 

Two different operating conditions were analysed to determine which the most suitable 

values were for both of them. These studied operating conditions were calcination 

temperature of the catalysts and operating pressure. These analysis were carried out in 

a fixed bed reactor. 

5.1.1. Effect of the calcination temperature 

A series of 13Ni/Al2O3 catalysts were prepared using the method described in Chapter 

IV of this PhD thesis and calcined at three different temperatures: 573 K, 673 K and 773 

K. These catalysts were characterised by different techniques as to gain information 

about their chemical and structural properties. 

5.1.1.1. Chemical composition of the prepared catalysts 

According to the chemical composition determined by ICP-OES, all the catalysts 

presented an amount of nickel close to the desired one (13 wt %). This composition is 

presented in Table 5.1. 

Table 5.2. ICP-OES of the prepared catalysts 

Catalyst Ni (wt %) 

13Ni/Al2O3 (γ) Calc: 573 K 9.7 
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13Ni/Al2O3 (γ) Calc: 673 K 9.9 

13Ni/Al2O3 (γ) Calc: 773 K 10.8 

5.1.1.2. Reducibility of the catalysts calcined at different temperatures 

The reduction properties were determined by TPR measurements. The obtained TPR 

profiles are shown in Figure 5.1. 

 

Figure 5.12. TPR profiles of the catalysts calcined at different temperatures 

The catalyst calcined at the lowest temperature, 573 K, was the only one that presented 

a reduction peak at approximately 500 K. This peak can be attributed to Ni2O3 particles 

deposited onto the catalyst surface [89]. In addition, all the catalysts presented four 

reduction peaks that can be attributed in order of increasing temperature to: i) free 

nickel oxide, without interaction with the support, ii) nickel oxide, NiO-Al, with weak 

interaction with the support, iii) non-stoichiometric nickel aluminate specie, NiAlxOy 

with strong interaction with the support and iv) the most stable specie, stoichiometric 
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nickel aluminate (NiAl2O4) [90]. These four peaks combine their contributions to form a 

final peak, being the result of all of them, which is the one that can be seen in the final 

temperature programmed reduction profile. In order to analyse the contribution of each 

peak to the final profile peak deconvolution was carried out and results are shown in 

Table 5.2. 

Table 5.3. TPR peak deconvolution of the catalysts calcined at different temperatures 

Catalyst Ni2O3 NiO NiO-Al NiAlxOy NiAl2O4 

13Ni/Al2O3 (γ) 

Calc: 573 K 

485 K-11.0 % 636 K-5.8 % 764 K-62.7 % 905 K-17.1 % 1010 K-3.4 % 

13Ni/Al2O3 (γ) 

Calc: 673 K 

- 646 K-7.3 % 770 K-67.8 % 896 K-13.0 % 983 K-11.9 % 

13Ni/Al2O3 (γ) 

Calc: 773 K 

- 739 K-4.9 % 830 K-32.8 % 947 K-55.7 % 1067 K-6.6 % 

As it can be seen, for the catalysts calcined at 573 K and 673 K nickel oxide with weak 

interaction with the support was the predominant nickel specie, while for the catalyst 

calcined at 773 K the most abundant nickel specie was the non-stoichiometric nickel 

aluminate. Also, for the catalyst calcined at 773 K, all the peaks were shifted towards 

higher temperatures as the result of a worse reducibility [34]. 

5.1.1.3. XRD results of the catalysts calcined at different temperatures 

The main crystalline species present in the fresh-reduced catalysts were obtained by 

XRD. The catalysts were reduced at the same temperature employed for the calcination 

step. Results obtained are shown in Figure 5.2. 
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Figure 5.13. XRD profiles of the catalysts calcined at different temperatures 

All the catalysts presented similar profiles with peaks located at the same angle. This is 

due to the fact that all the fresh-reduced catalysts contained alumina, which signal was 

detected in all the peaks, located at a value of 2θ of approximately 37°, 47° and 67° [90]. 

However, these peaks could also be related to different nickel species like NiO and 

metallic Ni, which signal is usually located at those angles and can overlap with the one 

corresponding to the alumina [91,92]. Due to the fact that the different species 

identified by XRD could not be properly distinguished, the average crystallite size was 

not calculated. 

The results obtained by XRD are in accordance with those obtained by TPR. The presence 

of Ni2O3 in the catalyst calcined at 573 K made difficult the reduction of the other species 

as it consumed most of the hydrogen employed during the reduction step to NiO [93]. 

For the catalyst calcined at 773 K, the large amount of nickel aluminates was responsible 

for not being able to fully complete the reduction, as these nickel aluminates are highly 

stable species and difficult to be reduced [94–96].  
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5.1.1.4. Metallic dispersion of the catalysts calcined at different temperatures 

Metallic dispersion was also measured by CO chemisorption technique over the fresh-

reduced catalysts. The catalyst calcined at 573 K presented the highest metallic 

dispersion, probably due to the fact that a lowest calcination temperature resulted in 

minor structural changes in the support, thus, the metal could be incorporated in a 

structure with more pores and metal particles sintering is avoided in some extent. For 

the catalysts calcined at 673 K and 773 K. the first one presented the highest metallic 

dispersion. We can conclude that a higher calcination temperature results in a worse 

metallic dispersion for a given support. The results of CO chemisorption measurements 

are shown in Table 5.3. 

Table 5.4. Metallic dispersion of the catalysts calcined at different temperatures 

Catalyst Metallic dispersion (%) 

13Ni/Al2O3 (γ) Calc: 573 K 1.1 

13Ni/Al2O3 (γ) Calc: 673 K 1.0 

13Ni/Al2O3 (γ) Calc: 773 K 0.8 

These results can be supported with the data obtained by TPR. As it has been previously 

explained, the increase in the calcination temperature resulted in a shift of the reduction 

peak to higher temperatures as the result of a worse reducibility that can be attributed 

to a lower metallic dispersion [97] and less reducible metallic species. 

5.1.1.5. TEM of the catalysts calcined at different temperatures 

TEM micrographs of the fresh-reduced catalysts were employed to observe the 

structure of the catalysts. These pictures can be observed in Figure 5.3. As it can be seen, 

for the catalyst calcined at 573 K it is difficult to distinguish the metal and the support, 
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even though some big particles can be observed, the metal was well dispersed over the 

support. Increasing the calcination temperature up to 673 K resulted in a worse 

dispersion of the metallic particles, being easier to differentiate between metal and 

support. However, as it can be observed in the figure a homogeneous distribution of the 

particles was obtained. A further increase of the calcination temperature up to 773 K 

increased the sintering process of the metallic particles, as it can be seen in the picture 

different clusters formed by group of particles could be observed. However, it still 

presented a good metallic dispersion. Due to the low count of particles present in the 

picture a distribution of the particle size was not calculated by TEM. However, it was 

clearly appreciated that increasing the calcination temperature worsened the dispersion 

of the metal over the support, being easier to differentiate between metal and support. 

a) 13Ni/Al2O3 (γ) Calc: 573 K 

 

b) 13Ni/Al2O3 (γ) Calc: 673 K 
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c) 13Ni/Al2O3 (γ) Calc: 773 K 

 

Figure 5.14. TEM micrographs of the catalyst calcined at different temperatures 

5.1.1.6. XPS of the catalysts calcined at different temperatures 

 The fresh-reduced catalysts were analysed by XPS in order to determine the species 

present on the surface of the catalyst. For all the catalysts, nickel was present in the 

surface as Ni2+ with four different contributions, main and satellite peak corresponding 

to two different core levels each: Ni2p3/2 and Ni2p1/2. The fact that nickel was present as 

Ni2+ and not metallic nickel (Ni0) can be attributed to the exposure of the fresh-reduced 

samples to the atmosphere prior to the XPS analysis, resulting in a surface oxidation 

[98]. For the catalysts calcined at 573 K and 673 K the main peak corresponding to the 

Ni2p3/2 core level was measured at a binding energy of 853.0-855.0 eV while for the 

catalyst calcined at 773 K was measured at a binding energy higher than 855.0 eV. The 

peaks located at binding energies bellow 855.0 eV are usually attributed to nickel with 

none or weak interaction with the support, while the ones measured at higher binding 

energies are attributed to nickel with strong interaction with the support. The profiles 

obtained are presented in Figure 5.4. 
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Figure 5.15. Ni XPS spectra of the catalysts calcined at different temperatures 

For a better understanding of the results obtained by XPS, a summary of the measured 

binding energies is presented in Table 5.4. 

Table 5.5. Binding energies (eV) XPS of the catalysts calcined at different temperatures 

Catalyst Ni2+ 

(Ni2p3/2) 

Ni2+ satellite 

(Ni2p3/2) 

Ni2+ 

(Ni2p1/2) 

Ni2+ satellite 

(Ni2p1/2) 

13Ni/Al2O3 (γ) Calc: 

573 K 

854.8 861.0 872.7 879.0 

13Ni/Al2O3 (γ) Calc: 

673 K 

853.6 860.0 871.5 878.3 

13Ni/Al2O3 (γ) Calc: 

773 K 

855.3 862.0 873.2 880.0 
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Further information about the catalyst structure could be gained using the XPS 

technique to calculate the Ni/Al atomic ratio. These results are compared to the atomic 

ratios calculated by ICP-OES. The results obtained in for these catalysts are presented in 

Table 5.5. 

Table 5.6. Ni/Al atomic ratio of the catalysts calcined at different temperatures 

Catalyst Ni/Al (at %) XPS Ni/Al (at %) ICP-OES 

13Ni/Al2O3 (γ) Calc: 573 K 0.07 0.10 

13Ni/Al2O3 (γ) Calc: 673 K 0.07 0.10 

13Ni/Al2O3 (γ) Calc: 773 K 0.11 0.11 

For the catalysts calcined at the 573 K and 673 K, the value of the Ni/Al atomic ratio 

measured by XPS was approximately 30 % lower than the one obtained by ICP-OES. 

Being the bulk atomic ratio (obtained by ICP-OES) higher than the surface one (obtained 

by XPS) proved that most of the metal was located inside the pore structure of the 

support for these catalysts [99]. Increasing the calcination temperature of the catalyst 

resulted in increasing the Ni/Al atomic ratio calculated by XPS, thus, a larger amount of 

nickel was located on the outer surface of the support. For this catalyst, the Ni/Al atomic 

ratio obtained by XPS was equal to the one measured by ICP-OES, meaning that the 

nickel was homogeneously distributed on the support [100]. 

5.1.1.7. Activity tests of the catalysts calcined at different temperatures  

The results obtained in the activity tests for these three catalysts can be seen in Figure 

5.5. The results are compared with the values predicted by the thermodynamic 

equilibrium. 
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Figure 5.16. Activity results of the catalysts calcined at different temperatures 

As it can be seen, at the lowest temperatures, all the catalysts presented very low value 

of methane yield, being the best of them the catalyst calcined at 673 K. When increasing 

the temperature at 623 K, all the catalysts increased their activity being the one calcined 

at 673 K the best one with a difference above 20 points in the methane yield. At 673 K, 

the catalyst calcined at the intermediate temperature was also the best catalysts among 

the ones tested. Above this temperature, all the catalysts were close to the 

thermodynamic equilibrium so it was not possible to stablish comparisons among them. 

At the highest temperature tested the values of methane yield obtained were slightly 

higher to the ones predicted by the thermodynamic equilibrium, this can be justified 

with the experimental error as the difference between the values obtained and the 

thermodynamic fits inside the tolerable error. Moreover, the possible presence of 

temperature gradients in the reactor could result in these slight differences between 

the obtained results and the predicted thermodynamic equilibrium values. 

5.1.1.8. TEM of the spent catalysts calcined at different temperatures  

The catalysts calcined at different temperatures were analysed by TEM after carrying 

out the activity tests, in order to detect changes in the structure of the catalysts and also 
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the presence of coke. The results obtained can be observed in Figure 5.6. In the case of 

the catalyst calcined at 573 K, coke was not detected. However, when comparing with 

the fresh-reduced catalyst, a growth of the metallic particles could be observed. This can 

be due to the fact that the thermal stability of the catalysts can only be ensured at 

temperatures equal or below the calcination temperature, namely 573 K, and the 

activity tests were carried out at temperatures up to 773 K, thus a difference of 200 K 

could cause the sintering of the metallic particles. Same behaviour could be expected 

for the catalyst calcined at 673 K, however the difference of temperature between 

calcination and activity tests was not so high so the growth of the particles observed was 

not as significant. Also, for this catalyst, coke was not observed after the activity tests. 

Finally, when the catalyst was calcined at 773 K no clear differences in the structure of 

the catalysts after and before the activity tests were observed. As for the previous 

catalysts, coke was not detected for the catalyst calcined at 773 K after performing the 

activity tests. 

a) 13Ni/Al2O3 (γ) Calc: 573 K spent 

 

b) 13Ni/Al2O3 (γ) Calc: 673 K spent 
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c) 13Ni/Al2O3 (γ) Calc: 773 K spent 

 

Figure 5.17. TEM micrographs of the spent catalysts calcined at different temperatures 

5.1.1.9. XPS of the spent catalysts calcined at different temperatures 

The spent γ-alumina catalysts were analysed by XPS. For the catalysts calcined at the 

lowest and the highest temperature, 573 K and 773 K, any contribution of carbon was 

detected. Graphitic carbon, located at a binding energy of 284.6 eV, was measured for 

the catalyst calcined at 673 K. The amount of this graphitic carbon, located at the surface 

of the catalyst, was approximately of 33 wt %. Results are presented in Figure 5.7. 
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Figure 5.18. C XPS spectra of the spent catalysts calcined at different temperatures 

Taking into account the results obtained by TEM, a growth in the particle size was 

observed for the catalyst calcined at the lowest temperature. For this catalyst, the low 

calcination temperature employed resulted in a lower resistance to the temperatures 

employed in the carbon dioxide methanation reaction. However, for the catalyst 

calcined at 673 K as this temperature was close to the highest temperature employed in 

the activity tests, not clear signs of sintering were observed. Finally for the catalyst 

calcined at the highest temperature, sintering was not observed by TEM. For all the 

catalysts TEM micrographs taken after the activity tests did not show the presence of 

coke. 

5.1.1.10.  Discussion of the effect of the calcination temperature 

The different characterisation techniques let us establish a relationship between the 

physicochemical properties of the catalysts and their activity for carbon dioxide 

methanation reaction. 
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TPR results shed some light on the activity results. The distribution of the different 

reducible species present on the catalysts and their reduction temperature can be 

correlated to the catalytic activity. For the catalyst that presented the highest catalytic 

activity, the one calcined at 673 K, NiO weakly interacting with the support (NiO-Al) was 

the main reducible specie. This was also the main reducible specie for the catalyst 

calcined at 573 K, however in a lower amount than for the catalyst calcined at 673 K. 

Moreover, the catalyst calcined at 573 K also presented a remarkable amount of Ni2O3 

without any interaction with the support. Finally, for the catalyst calcined at 773 K the 

presence of a large amount of nickel aluminates which are highly stable and difficult to 

be reduced species [94–96] is attributed as one of the causes of the lower activity of this 

catalyst. An incomplete reduction of the catalysts resulted in the absence of metallic 

nickel particles, thus, the absence of active sites for the carbon dioxide methanation 

reaction [48]. Results obtained by XRD proved the possible presence of both metallic 

nickel and NiO but due to the signals overlapping at the same angle it was not possible 

to further correlate this results with the ones obtained by TPR. 

Regarding to the results obtained by CO chemisorption, even if metallic dispersion has 

proved to enhance catalytic activity [63] it is not the only important parameter and a 

combination of the physicochemical properties of the catalysts are the responsible for 

the catalytic activity. 

The micrographs obtained by TEM proved the good dispersion achieved for all the 

catalysts, being larger for the catalyst calcined at the lowest temperature. Even though 

due to the low particle count available in the pictures it was not possible to calculate a 

particle size distribution, the structure observed on the pictures was clear enough to 

appreciate difference between the catalysts. 

The surface results obtained by XPS proved that nickel oxide was the only nickel specie 

present, as it has been explained due to the oxidation of the samples in contact with the 

atmosphere prior to the analysis. In all the cases, but for the catalyst calcined at 773 K, 

the measured Ni/Al atomic ratio was lower than the one measured by ICP-OES, thus, for 

all these catalysts most of the metal was located inside the porous structure of the 
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support being this affirmation in agreement with the structure that was observed by 

TEM. Regarding to the Ni/Al atomic ratios measured by XPS, the catalysts calcined at 

573 K and 673 K presented approximately the same value while the one calcined at the 

highest temperature, 773 K, presented a higher value indicating that this catalyst 

presented a larger amount of metal on the outer surface than the other catalysts, as it 

was previously concluded by TEM. 

The catalysts were also characterised after performing the activity tests, in order to 

understand how the carbon dioxide methanation reaction could affect to the structure 

of the catalysts but also to determine if any deactivation mechanisms could decrease 

the activity of the catalysts. 

Even if coke was not measured by TEM, XPS measurements proved the presence of coke 

for the catalyst calcined at 673 K. The amount of coke measured was quite high, 

approximately 33 %, being only graphitic coke the measured one. The difference 

between both techniques, TEM and XPS, can be attributed to the fact that the detected 

coke could be deposited surrounding the nickel particle, thus, being difficult to be 

distinguished from the support [101]. 

Even if some hints of sintering and coking were observed for the different catalysts 

tested, deactivation was not clearly observed during the activity tests. For all the 

catalysts, the results obtained at the highest temperatures tested were close to the ones 

predicted by the thermodynamic equilibrium. For all of them, the decrease in the activity 

at the highest temperatures tested can be attributed to the fact that carbon dioxide 

methanation is an exothermic reaction, thus, its yield is hindered as the operating 

temperature is increased. However, the null effect of the sintering and/or coking on the 

results of the activity tests can be attributed to the fact that the activity tests were only 

run for 450 minutes. Further running the activity tests could result in the sintering 

and/or the coking reducing the active sites of the catalysts and this would be reflected 

in the activity test results as a decrease in the catalytic activity. 
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To summarise, the results obtained in the activity tests and the characterisation 

techniques employed made us conclude that 673 K is the most suitable calcination 

temperature for these catalysts. 

5.1.2. Operating pressure 

After choosing the best calcination temperature for the nickel based catalysts, 673 K, 

this catalyst was tested at three different pressures: 1 bar, 10 bar and 15 bar, and 

compared with the thermodynamic equilibrium. Results for these activity tests are 

shown in Figure 5.8. 

 

Figure 5.19. Activity results of the catalyst operating at different pressures 

As it can be seen, the effect of the pressure on the thermodynamic equilibrium is only 

remarkable at temperatures above 673 K, shifting the limits set by thermodynamics to 

higher values. According to the obtained results, an increase in the pressure from 1 bar 

to 10 bar resulted in an outstanding increase in the catalytic activity at 573 K, from 

slightly above 20 % of methane yield at 1 bar to almost 90 % at 10 bar. At the 

intermediate temperature, thermodynamic equilibrium is almost reached at both 

pressures, being the effect of the pressure less remarkable but still beneficial. At the 
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highest temperature thermodynamic equilibrium is reached at both pressures resulting 

in a difference of methane yield of about 20 points higher when operating at 10 bar. 

Further increase in the pressure from 10 bar to 15 bar does not have a remarkable 

impact on the thermodynamic equilibrium, neither in the results obtained in the activity 

tests. It can be appreciated that, at the highest temperature tested, values obtained 

operating at 15 bar are above the ones predicted by the thermodynamic equilibrium. 

However, the difference between them is negligible and it can be attributed to the 

experimental error. 

Taking into account the results, 10 bar was selected as the most suitable operating 

pressure. The difference between 10 bar and 15 bar, both at intermediate and high 

temperatures, was not large enough to justify the risks and the costs associated with 

operation at higher pressures. 

5.2. Effect of the catalytic support 

Catalytic systems based on nickel and prepared over different supports were tested in 

fixed bed reactors. These catalysts can be grouped, in order to ease the comparison and 

better understand the process, in three different groups: acidic supports, industrial 

supports and natural supports. 

5.2.1. Acidic supports 

As CO2 is a weak Lewis acid, basic supports are normally used to enhance its adsorption 

[58]. However, the use of an acidic support has proved to enhance the influence of the 

active metal, as the bonds between the CO (one of the probable intermediates for CO2 

methanation process) and metal are weaker than those formed on basic supports. As 

CO and H2 compete for the same adsorption site, weaker metal-CO bond leads to less 

CO coverage and more sites available for H2, thus, an increase in the methanation rate. 

This is the consequence of a higher positive polarization of the active metal, as a result 

of the ionic exchange between the metal and the protons of the support [102]. 

97 

 



Chapter V 

A series of catalysts with a theoretical content of nickel of 13 wt % were prepared over 

different supports with acidic properties. These supports were ASA (amorphous silico-

aluminate), zeolite H-ZSM-5, SiO2, zeolite H-Beta, SBA-15 (mesostructured silica) and 

chromium-zirconium modified alumina (γ). The results can be compared with the ones 

obtained for the 13Ni/Al2O3 (γ) catalyst that can be found in section 5.1.1. Some of the 

results obtained for this catalyst are included in this section in order to ease the 

understanding of the results. 

5.2.1.1. Chemical composition of the catalysts over acidic supports 

The chemical composition of all these catalysts was determined by ICP-OES. According 

to the results, all the catalysts presented a content of metals (nickel and, when 

applicable, chromium and zirconium) close to the desired ones. These results are shown 

in Table 5.6. 

Table 5.7. ICP-OES of the catalysts over acidic supports 

Catalyst Ni (wt %) Cr (wt %) Zr (wt %) 

13Ni/ASA 11.7 - - 

13Ni/H-ZSM-5 13.2 - - 

13Ni/SiO2 13.9 - - 

13Ni/H-Beta 12.4 - - 

13Ni/SBA-15 12.9 - - 

13Ni/3Cr-4Zr-Al2O3 (γ) 12.8 2.3 3.4 
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5.2.1.2. Structural properties of the catalysts over acidic supports 

Structural properties (BET surface area, pore volume and pore size) were determined by 

N2 adsorption-desorption isotherms. Results are summarized in Table 5.7. 

Table 5.8. Structural properties of the catalysts over acidic supports 

Catalyst BET surface area 

(m2/g) 

Pore volume 

(cm3/g) 

Average pore size 

(nm) 

Al2O3 (γ) 232 0.80 13.2 

13Ni/Al2O3 (γ) 182 0.25 5.5 

ASA 323 0.64 7.6 

13Ni/ASA 224 0.26 4.8 

H-ZSM-5 388 0.19 3.0 

13Ni/H-ZSM-5 241 0.25 5.4 

SiO2 191 0.81 17.2 

13Ni/SiO2 140 0.41 11.5 

H-Beta 414 0.38 4.7 

13Ni/H-Beta 287 0.20 3.9 

SBA-15 662 1.60 9.5 
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13Ni/SBA-15 357 0.63 6.8 

3Cr-4Zr-Al2O3 (γ) 228 0.77 12.9 

13Ni/3Cr-4Zr-Al2O3 

(γ) 

149 0.13 4.2 

As it can be seen, all the catalysts presented high surface area between 140 and 360 

m2/g. In all the cases, the surface are of the catalysts was lower than the one presented 

by the support prior to carrying out the impregnation procedure. This decrease in the 

surface area of the supports can be attributed to metal particles blocking the mesopores 

of the support [103]. This behaviour can further be observed in the changes of the pore 

volume and the average pore size, which also decreased after the impregnation of the 

different metals. Only one exception was observed, for the catalyst supported on zeolite 

H-ZSM-5 although the surface area decreased when nickel was incorporated, both the 

pore volume and the average pore size increased. This behaviour could be attributed to 

the presence of small pores in the zeolite, being blocked first, while the biggest pores 

did not suffer from this blockage [104]. 

5.2.1.3. Reducibility of the catalysts over acidic supports 

The reducibility of the catalysts and the reduced species were measured by TPR. In order 

to compare these results with the 13Ni/Al2O3 (γ) catalyst a dashed line has been added 

to the figure to represent the temperature at which the main reduction peak of this 

catalyst appeared. These results are shown in Figure 5.9. 
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Figure 5.20. TPR profiles of the catalysts over acidic supports 

Comparing the main reduction peaks of all the catalysts prepared over acidic supports 

with the catalyst supported on γ-alumina, only the catalyst supported on ASA and on 

chromium-zirconium modified alumina presented the main reduction peak at 

approximately the same temperature as the reference catalyst. For all the other 

catalysts, the main reduction peak was shifted down to lower temperatures, this means 

a weaker interaction between the metal and the support, thus, an improved reducibility 

of the catalyst [50]. In the case of the catalyst containing chromium and zirconium, apart 

from the main reduction peak also a reduction peak was presented at approximately 

450 K which can be attributed to the reduction of Cr6+ to Cr3+. Regarding to the main 

reduction peak presented by all the catalysts, this was the result of the contribution of 

different nickel species with different degree of interaction with the support. In order to 

analyse the contribution of each peak to the final profile peak deconvolution was carried 

out and results are shown in Table 5.8.  
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Table 5.9. TPR peak deconvolution of the catalysts over acidic supports 

Catalyst Specie-Temperature (K)-Relative amount (%) 

13Ni/ASA NiO-572 K-5.2 % 

NiO crystallites-737 K-91.8% 

Nickel hydrosilicate-909 K-3.0 % 

13Ni/H-ZSM-5 NiO-640K-92.8 % 

Ni phyllosilicate-752 K-7.2 % 

13Ni/SiO2 NiO-599 K-13.9 % 

NiO weak interaction-623 K-75.8 % 

NiO strong interaction-739 K-10.3 % 

13Ni/H-Beta NiO-625 K-77.4 % 

NiO interaction with the support-741 K-22.6 % 

13Ni/SBA-15 NiO weak interaction -622 K-72.7 % 

NiO strong interaction-738 K-21.3 % 

13Ni/3Cr-4Zr-Al2O3 (γ) CrO3-464 K-17.4 % 

NiO-684 K-10.2 % 

NiO-Al-742 K-27.6 % 
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NiAlxOy-827 K-35.1 % 

NiAl2O4-977 K-9.7 % 

The catalyst supported on ASA presented three different nickel species, in an increasing 

order of temperature: NiO, NiO crystallites formed due to nucleation and NiO 

hydrosilicate [105], being the NiO crystallites the most abundant specie (> 90 %). 

Regarding to the use of zeolite H-ZSM-5 as support for the catalyst, the nickel species 

determined by TPR were, in order of an increasing temperature, NiO and NiO 

phylisillicates [106] being NiO the main specie (> 90 %). For the catalyst supported on 

SiO2, bulk NiO, NiO with weak interaction with the support and NiO with strong 

interaction with the support were identified as the reducible species [107] with NiO with 

weak interaction with the support being the most abundant (> 75 %) nickel specie. For 

the catalyst supported on H-Beta large NiO particles, being the most abundant specie (> 

75 %) and NiO interacting with the support were identified [108,109] as the reducible 

nickel species. The catalyst supported on SBA-15 only presented two nickel species; NiO 

with weak interaction with the support and NiO with strong interaction with the support 

being the first one the most abundant (> 70 %) nickel specie. Finally, for the chromium-

zirconium modified alumina (γ) catalyst the reduction peak at the lowest temperature 

was attributed to the reduction of Cr6+ to Cr3+, while the other main peak was the final 

result of the contribution of different nickel species: bulk NiO, NiO weakly interacting 

with the support (NiO-Al), non-stoichiometric nickel aluminate (NiAlxOy) and 

stoichiometric nickel aluminate (NiAl2O4), being non-stoichiometric nickel aluminate the 

most abundant one (> 35 %). All these species were shifted to lower temperatures 

comparing with the non-modified alumina (γ) catalyst due to the effect of adding 

zirconium that improved the reducibility of the catalyst [51]. However, the effect of 

adding zirconium was weakened due to the influence of chromium, which has the 

opposite effect of the zirconium and increases the metal-support interaction, thus, shifts 

the peaks towards higher temperatures [110].  
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5.2.1.4. XRD results of the catalysts over acidic supports  

XRD measurements were also carried out for these catalysts in order to determine the 

main crystalline species. The results obtained for the fresh-reduced catalysts are shown 

in Figure 5.10. 

 

Figure 5.21. XRD profiles of the catalysts over acidic supports 

All the catalysts presented diffraction peaks that could be attributed to metallic nickel, 

so complete reduction of the catalysts was achieved. These results are in good 

agreement with those obtained by TPR, as none of the catalysts presented a large 

amount of nickel species with strong interaction with the support, thus more difficult to 

be reduced, and it was possible to achieve a complete reduction of the catalysts. It is 

also noticeable that both zeolites, especially H-ZSM-5, presented various sharp peaks at 

angles below 30° due to the highly crystalline structure of the zeolites. Not chromium 

neither zirconium were detected for the catalyst containing them, although their 

presence was confirmed by ICP-OES as it has been shown in Table 5.6. This can be due 
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to the fact that they were present in a low concentration and probably formed 

crystallites too small to be detected by XRD. 

Average crystallite size of nickel was calculated employing the most intense nickel peak 

from XRD profiles and the Scherrer equation. Results are shown in Table 5.9. 

Table 5.10. Average nickel crystallite size of the catalysts over acidic supports 

Catalyst Average nickel crystallite size (nm) 

13Ni/ASA 31 

13Ni/H-ZSM-5 21 

13Ni/SiO2 29 

13Ni/H-Beta 29 

13Ni/SBA-15 22 

13Ni/3Cr-4Zr-Al2O3 (γ) 18 

The catalyst supported on ASA presented the largest average nickel crystallite size, this 

can be correlated to the data obtained by TPR as NiO crystallites formed by nucleation, 

and thus, larger crystallites were determined as the main nickel specie for the catalyst 

supported on ASA. Employing H-ZSM-5 as support resulted in one of the smallest 

average nickel crystallite sizes, probably due to the cage-like crystalline structure of the 

zeolite that inhibits nickel particle agglomeration [111] which can be correlated with TPR 

results, being reducible NiO the main nickel specie for this catalyst. The catalyst 

supported on SiO2 presented one of the largest average crystallite size, this can be 

explained with the results obtained by TPR that proved a weak metal-support 

interaction for this catalyst, which results in a worse metallic dispersion [112]. This 
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behaviour was also observed for the catalyst supported on H-Beta, both by XRD and by 

TPR. The small average nickel crystallite size observed for the catalyst supported on SBA-

15, even if the main nickel specie observed by TPR was NiO with weak interaction with 

the support, can be attributed to the ordered pore channels and narrow pore size 

distribution [113] of the support, resulting in a good dispersion of the metal over the 

support. Regarding to the catalyst supported on chromium-modified alumina, it 

presented the smallest average nickel crystallite size among all the catalysts supported 

on acidic supports. 

5.2.1.5. Metallic dispersion of the catalysts over acidic supports 

Metallic dispersion was also measured for these catalysts using CO chemisorption 

technique. These results are shown in Table 5.10. 

Table 5.11. Metallic dispersion of the catalysts over acidic supports 

Catalyst Metallic dispersion (%) 

13Ni/ASA 0.2 

13Ni/H-ZSM-5 0.7 

13Ni/SiO2 0.5 

13Ni/SBA-15 0.7 

13Ni/H-Beta 0.5 

13Ni/3Cr-4Zr-Al2O3 (γ) 0.9 

According to these results, the catalyst supported on chromium-zirconium modified 

alumina (γ) presented the highest metallic dispersion, however it was slightly lower than 
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the one presented by the catalyst supported on non-modified alumina (γ) probably due 

to the presence of chromium and/or zirconium blocking the pores of the support that 

leads to a smaller amount of pores available for the active metal to be deposited. The 

results obtained by CO chemisorption are in accordance with the average crystallite size 

obtained by XRD, as the catalysts that presented the smallest average crystallite size 

presented the highest dispersion and it is known that dispersion is inversely proportional 

to crystallite size [114]. 

5.2.1.6. Acidity of the catalysts over acidic supports 

As it has been previously explained, acidic supports were chosen for catalysts synthesis 

in order to enhance the properties of the active metal. Measurements of the acidity of 

the catalysts were carried out by NH3-TPD. The acidity of the catalyst supported on 

alumina (γ) and calcined at 673 K was also measured to be used as a reference. Results 

obtained are presented in Figure 5.11. 

 

Figure 5.22. NH3-TPD profiles of the catalysts over acidic supports 
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As it can be seen in the figure, all the catalysts presented two different desorption peaks: 

the first one located at approximately 600 K for most of them, while the high 

temperature peak was measured at approximately 800 K. As the use of NH3 as probe 

molecule presents different drawbacks, like the possibility of being adsorbed on non-

acidic part of the surface, the peak temperature cannot be directly correlated to the acid 

strength [115] so deconvolution of the peaks was not carried out. However, 723K was 

selected as the temperature to distinguish between low and high temperature acid sites 

[116]. The results obtained for both the total amount of NH3 adsorbed and the 

percentage corresponding to the low/high acid sites are presented in Table 5.11. 

Table 5.12. Distribution of the acid sites of the catalysts over acidic supports 

Catalyst Low temperature 

acid sites (%) 

High temperature 

acid sites (%) 

Adsorbed NH3 

amount (mmol/gcat) 

13Ni/Al2O3 (γ)  36.5  63.5 1.5 

13Ni/ASA 50.0 50.0 1.5 

13Ni/H-ZSM-5 56.8 43.2 1.0 

13Ni/SiO2 23.1  76.9 0.6 

13Ni/H-Beta 60.6 39.4 1.4 

13Ni/SBA-15 17.0 83.0 0.8 

13Ni/3Cr-4Zr-

Al2O3 (γ) 

42.2 57.8 1.4 
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The catalyst supported on Al2O3 (γ) presented a higher amount of high temperature acid 

sites and one of the highest acidities. The 13Ni/ASA catalyst presented the highest acid 

character with an even distribution between low and high temperature acid sites. The 

catalyst supported on zeolite H-ZSM-5 was mainly composed by low temperature acid 

sites, with an overall average acid character. For the 13Ni/SiO2 catalyst the lowest acidity 

was measured, however this acid character was mainly due to high temperature acid 

sites. The catalyst supported on zeolite H-Beta presented a behaviour close to the one 

presented by the catalyst supported on zeolite H-ZSM-5, being the acid character 

attributable to low temperature acid sites, but it presented a higher total acidity. Using 

SBA-15 as catalytic support resulted in a catalyst with low acidity, related mainly to high 

temperature acid sites. Finally, the modification of alumina (γ) with chromium-zirconium 

slightly decreased the acid character, when compared with the bare alumina (γ) catalyst, 

and changed the distribution of acid sites, increasing the low temperature ones, 

however the high temperature acid sites were still the most abundant ones. 

5.2.1.7. TEM of the catalysts over acidic supports 

Catalysts over acidic supports were analysed by TEM to gain information about their 

physical structure, especially the metallic dispersion over the support and the size of the 

metallic particles. Results obtained are presented in Figure 5.12.  
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a) 13Ni/ASA 

 

b) 13Ni/H-ZSM-5 

 

c) 13Ni/SiO2 

 

d) 13Ni/H-Beta 
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e) 13Ni/SBA-15

 

 

f) 13Ni/3Cr-4Zr-Al2O3 (γ) 

 

 

Figure 5.23. TEM micrographs of the catalysts over acidic supports 

The catalyst supported on ASA presented big particles, poorly dispersed over the 

support. The 13Ni/H-ZSM-5 catalyst presented well dispersed particles with a 

homogeneous particle size distribution. Both the catalyst supported on SiO2 and the one 

supported on H-Beta presented a similar structure with particles quite well dispersed, 

although not as well as the catalyst supported on zeolite H-ZSM-5, with a homogeneous 

particle size distribution. When using SBA-15 as support, nickel particles were mainly 

located inside the well-defined mesoporous structure of the support [113], as it can be 

seen in the figure, however some big particles located outside this structure were also 

observed. Finally, for the catalyst supported on chromium-zirconium modified alumina 

(γ) it was really difficult to distinguish the nickel particles from the support, probably 

due to its higher metallic dispersion. 

Even though particle size could not be measured by this technique, due to a small count 

that would induce a large error in the particle size distribution [117], the particle size 

distribution observed in the micrographs obtained by TEM is in good agreement with 

both the average nickel crystallite size measured by XRD and the metallic dispersion 

measured by CO chemisorption. 
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5.2.1.8. XPS of the catalysts over acidic supports 

Fresh-reduced catalysts were also analysed by XPS to detect metallic species on the 

surface of the catalyst. Nickel was present as Ni2+ for the catalyst supported on ASA, at 

a binding energy of 855.6 eV [118], with a satellite peak at a binding energy of 862.0 eV 

corresponding both to the Ni2p3/2 core level, while the peaks corresponding to the 

Ni2p1/2 core level were measured at a binding energy of 873.6 eV for the main peak and 

880.2 eV for the satellite peak. The same nickel specie, Ni2+, was the only nickel specie 

detected for all the catalysts probably due to the exposure of the fresh-reduced samples 

to the atmosphere prior to the analysis, resulting in a surface oxidation of the catalysts 

as it has been previously explained. In all the cases this specie was present at two 

different core levels, Ni2p3/2 and Ni2p1/2, and it presented a main and a satellite peak at 

each core level. 

A summary of the binding energies of the different electrons measured is presented in 

Table 5.12. 

Table 5.13. Binding energies (eV) XPS of the catalysts over acidic supports 

Catalyst Ni2+ 

(Ni2p3/2) 

Ni2+ satellite 

(Ni2p3/2) 

Ni2+ 

(Ni2p1/2) 

Ni2+ satellite 

(Ni2p1/2) 

13Ni/ASA 855.6  862.0  873.6  880.2  

13Ni/H-ZSM-5 853.9  860.2  871.5  878.2  

13Ni/SiO2 853.5  859.7  871.0  877.9  

13Ni/H-Beta 854.8 861.3 872.6 879.4 

13Ni/SBA-15 853.6  860.0  871.5  878.3  
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13Ni/3Cr-4Zr-Al2O3 

(γ) 

854.6 860.7 872.4 878.8 

The differences on the binding energies for the different catalysts can be associated to 

Ni2+ species with a different degree of interaction with the support. Usually, the species 

located, for the Ni2p3/2 core level, at binding energies of 853.0-854.0 are attributed to 

none or weak interactions with the support while the ones located at 855.0-856.0 are 

due to nickel interacting with the support [119], thus the upshift in the binding energy 

can be attributed to a stronger interaction with the support [120]. Neither metallic nickel 

(Ni0), which common peaks for the Ni2p3/2 core level is usually located at 853.2 eV [121], 

nor complex nickel-support species with Ni2p3/2 core level peaks located at binding 

energies above 856.0 eV [122] were detected. 

The profiles measured by XPS can be observed in Figure 5.13. 

 

Figure 5.24. Ni XPS spectra of the catalysts over acidic supports  
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5.2.1.9. Activity tests of the catalysts over acidic supports 

The results obtained in the activity tests are shown in Figure 5.14. The results are 

compared with the values predicted by the thermodynamic equilibrium. 

 

Figure 5.25. Activity results of the catalysts over acidic supports 

The catalyst supported on ASA did not present catalytic activity at the lowest 

temperature tested. Increasing the temperature of the reaction resulted in an increase 

of the catalytic activity, however far from the thermodynamic equilibrium at all the 

temperatures tested. For the catalyst supported on zeolite H-ZSM-5, catalytic activity 

was not observed until the temperature of the reaction was set at 723 K. A further 

increase in the temperature up to 773 K slightly increased the activity of this catalyst, 

however it was still far from the values predicted by the thermodynamic equilibrium. 

While the catalyst supported on SiO2 did not present catalytic activity at the lowest 

temperature tested, increasing the temperature had a beneficial effect and the catalyst 

reached its maximum activity, and the thermodynamic equilibrium, at 673 K. Increasing 

the temperature above this temperature resulted in a decrease of the catalytic activity 

more pronounced than the one that also experiences the thermodynamic equilibrium 

when increasing the temperature. The catalyst supported on zeolite H-Beta presented 
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catalytic activity at all the temperatures tested, reaching its maximum at 723 K but being 

always far from the thermodynamic equilibrium. Employing SBA-15 as support resulted 

in the presence of catalytic activity at all the temperatures tested reaching a maximum 

CH4 yield, after a sudden increase, at 773, close to the thermodynamic equilibrium. The 

catalyst supported on chromium-zirconium modified alumina (γ) presented the best 

results among all the catalysts supported on acidic supports, being close to the 

thermodynamic equilibrium at all the temperatures tested and presenting a maximum 

in its activity at 623 K. 

As it has been previously stated, all these catalysts were compared with the 13Ni/Al2O3 

(γ) catalyst employed previously to determine the best calcination temperature and 

operating pressure, in order to stablish a reference to choose the best catalytic system. 

Among all the acidic supports only silica, at temperatures above 673 K, and chromium-

zirconium modified alumina (γ), at all the temperatures tested, can be considered as 

effective as alumina (γ) for carbon dioxide methanation process. In fact, the modifying 

of the alumina (γ) with chromium-zirconium resulted in an improvement of the activity 

when compared with the bare alumina support, being even more effective at all the 

temperatures tested and always close to the values predicted by the thermodynamic 

equilibrium. 

5.2.1.10. TEM of the spent catalysts over acidic supports 

In order to analyse the influence of the activity tests on the structure of the catalysts, 

and also to detect the presence of coke, TEM analysis were performed to the catalysts 

after carrying out the activity tests. The TEM micrographs taken are presented in Figure 

5.15. The 13Ni/ASA catalyst did not present any coke specie, while particle growth and 

agglomeration was observed when comparing with the fresh-reduced catalyst. For the 

catalyst supported on zeolite H-ZSM-5, coke was observed encapsulating the metallic 

particles, which also presented a growth after the activity tests. For the catalyst 

synthesised over SiO2, coke was not observed in the TEM images, however clear 

differences in the particle size could be observed after performing the activity tests. 

Thus, for this catalyst the growth of particles and formation of particle clusters was 
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observed. The catalyst supported on zeolite H-Beta presented, as the one supported on 

the other zeolite, coke encapsulating the metallic particles. Regarding to the particle size 

after the activity tests, a growth in the particles and the formation of particle clusters as 

a consequence of this growth was observed. Neither coke, nor a clear growth in the 

particle size was observed for the 13Ni/SBA-15 catalyst even if some bigger particles 

could be observed. Finally, the catalyst supported on chromium-zirconium modified 

alumina (γ) maintained its structure after the activity tests, with small particles well 

dispersed on the support (the scale for this catalyst is 100 nm and not 200 nm like for 

the other catalysts). For this latter catalyst any specie of coke was not observed.  

a) 13Ni/ASA spent 

 

b) 13Ni/H-ZSM-5 spent 

 

c) 13Ni/SiO2 spent d) 13Ni/H-Beta spent 
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e) 13Ni/SBA-15 spent 

 

f) 13Ni/3Cr-4Zr-Al2O3 (γ) spent 

 

Figure 5.26. TEM micrographs of the spent catalysts over acidic supports 

5.2.1.11. XPS of the spent catalysts over acidic supports 

The catalysts were analysed by XPS after the activity tests in order to measure any 

carbon derived specie formed on the surface of the catalysts. For the catalysts supported 

on ASA, SiO2, SBA-15 and chromium-zirconium modified alumina (γ) carbon species 

were not detected. For the catalyst supported on zeolite H-ZSM-5 two different carbon 

species were detect; the main one (> 90 %) at a binding energy of 284.6 eV and the 

second one at a binding energy of 288.5 which can be attributed to graphitic C and C=O 
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respectively [123]. Regarding to the catalyst supported on zeolite H-Beta, only graphitic 

carbon located at a binding energy of 284.6 eV was measured. In the case of the catalyst 

supported on H-ZSM-5 the amount of carbon on the surface was approximately 23 wt % 

while for the catalyst supported on H-Beta it was only of approximately 10 wt %. The 

results obtained can be observed in Figure 5.16. 

 

Figure 5.27. C XPS spectra of the spent catalysts over acidic supports 

5.2.1.12. Discussion of the catalysts over acidic supports 

The results obtained with the different characterisation techniques were employed to 

establish a relationship between the physicochemical properties of the catalysts and 

their catalytic activity. 

According to the results obtained by the BET all the catalysts presented a high surface 

area, even though the impregnation of the metals resulted in a decrease of the initial 

surface area of the support. In all the cases, the decrease of the pore volume and the 

average pore size proved that the metal was incorporated, although to a different 
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extent, inside the porous structure of the supports. For the catalyst supported on H-

ZSM-5, this effect was observed as an increase of the pore volume and the average of 

the pore size, due to the fact that micropores were impregnated first. The presence of 

the active metal inside the micropores can also be responsible of the low catalytic 

activity of this catalyst, due to the slower diffusion inside the micropores when 

comparing with mesopores [96].  

As it has been previously mentioned during the comparison of the different calcination 

temperatures, the reducibility of the catalysts plays a crucial role in the catalytic activity. 

A larger amount of nickel species with weak interaction with the support resulted 

beneficial for the catalytic activity, while a large amount of nickel species without 

interaction with the support or with strong interaction with the support had the 

opposite effect. In the case of the catalyst supported on ASA, the increase in the catalytic 

activity together with an increase in the operating temperature can be attributed to the 

presence of NiO crystallites, hardly to reduce, as the main nickel specie. As the activity 

tests were carried out under hydrogen atmosphere, further reduction was probably 

carried out during the activity tests that resulted in active sites being formed from the 

nickel crystallites. For the 13Ni/H-ZSM-5 catalyst, its low catalytic activity can be related 

to the low amount of nickel species interacting with the support and the presence of the 

active sites inside micropores, resulting in diffusion issues. The use of SiO2 as support 

resulted in a catalyst with predominantly weak interaction between metal and support, 

thus, a good catalytic activity. For the catalyst supported on zeolite H-Beta the low 

catalytic activity presented can be attributed to the large amount of NiO not interacting 

with the support. The high catalytic activity observed for the 13Ni/SBA-15 catalyst can 

be attributed to the high presence of NiO with weak interaction with the support. Finally, 

for the catalyst supported on chromium-zirconium modified alumina (γ) the high 

presence of both NiO-Al and NiAlxOy with weak and medium interaction with the support 

resulted in a high catalytic activity. The better performance of this catalyst when 

compared with the one supported on non-modified alumina (γ) could be due to the 

improvement of the thermal stability of the catalyst as a result of adding both support 

modifiers [124]. 
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Further relationship between the catalytic activity and the physicochemical properties 

of the catalysts can be stablished with the results obtained by XRD and CO 

chemisorption. The first technique demonstrated that all the catalysts were completely 

reduced, thus, active sites were formed after the reduction under hydrogen 

atmosphere. The average crystallite size measured for all the catalysts constituted an 

estimation of the metallic dispersion, while the results obtained by CO chemisorption 

proved that the estimation was correct. The metallic dispersion is an important 

parameter as a higher metallic dispersion can enhance the catalytic activity. However, 

for the catalyst supported on ASA the catalytic activity was high even if it presented the 

lowest metallic dispersion among all the catalysts over acidic supports. It has been 

explained that this catalyst was mostly formed by big NiO crystallites, which caused the 

low metallic dispersion measured by CO chemisorption. Nevertheless, during the activity 

tests the hydrogen atmosphere was able to further reduce these big particles and the 

catalytic activity increased while temperature was increased. 

To analyse the influence of the acidic character of the supports in the catalytic activity, 

measurements were carried out by NH3-TPD. A high acid character did not seem to 

influence the activity of the catalyst, as the catalyst that presented the lowest acid 

character (13Ni/SiO2) was more active than, for example, the catalyst supported on 

zeolite H-Beta which almost doubled the amount of NH3 adsorbed by the catalyst 

supported on SiO2. However, the ratio low:high temperature acid sites played an 

important role on the catalytic activity. This can be explained taking into account that 

low temperature acid sites take part in the reaction, which is performed at temperatures 

below 773 K, and as it has been explained acid sites inhibit the adsorption of CO2 and 

hinder the activity of the catalyst. When the amount of high temperature acid sites 

increased the activity decreased, as it can be seen comparing SiO2 and SBA-15 supported 

catalysts presenting the latter one more high temperature acid sites and being its 

activity slightly lower. The most appropriate low:high temperature acid sites ratio was 

determined as 1:1.5, taking into account that the catalyst that presented approximately 

60 % of high temperature acid sites were the ones that also presented the highest 
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catalytic activity. A larger amount of low temperature acid sites than high temperature 

ones, like in the case of both zeolites, hindered the catalytic activity. 

Even though a distribution of the particle size could not be calculated by TEM, due to 

the low count of particles measurable in the pictures, the results obtained were useful 

to further understand the results obtained by XRD and CO chemisorption and correlate 

the structure of the catalysts with the catalytic activity achieved in the activity tests. As 

it has been explained, TEM micrographs proved the results obtained by XRD and CO 

chemisorption, being the metallic dispersion of the catalysts an important parameter 

for the final catalytic activity. Although a high metallic dispersion does not ensure a high 

catalytic activity, it enhances the performance of the catalysts. 

The results obtained by XPS proved the presence of Ni2+as the unique nickel specie on 

the surface of the catalyst as a result of surface oxidation due to the exposure of the 

samples prior to the analysis. 

To understand how the carbon dioxide methanation reaction could modify the structure 

of the catalysts and determine if any deactivation mechanism could result in a decrease 

of the yield presented by these catalysts different characterisation techniques were 

carried out on the spent catalysts. 

Even if TEM micrographs proved that sintering happened for some of the catalysts, this 

particle growth did not seem to have any effect on the activity of some of the catalysts. 

For the catalyst supported on ASA, not only a decrease in the catalytic activity was not 

observed during the activity tests but its activity improved as the activity test was being 

performed and the temperature was increased. As it has been previously explained, this 

behaviour can be attributed to the fact that this catalyst was mainly composed by nickel 

crystallites that were reduced, thus being activated, when the temperature was 

increased. The 13Ni/H-ZSM-5 did not present a decrease in the activity even if not only 

sintering but also coking, as proved both by TEM and XPS, happened for this catalyst 

during the reaction. This can be attributed to the fact that the tests were only run for 

450 minutes. For the catalyst supported on SiO2, which strongly suffered from sintering 
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according to the TEM results, a decrease in the catalytic activity was clearly observed 

and can be attributed to this change in the structure of the catalyst. This decrease in the 

catalytic activity was also observed for the 13Ni/H-Beta that suffered from sintering, as 

proved by TEM, but also by coking as it was demonstrated by TEM and XPS.  

Nor the catalyst supported on SBA-15 neither the 13Ni/3Cr-4Zr-Al2O3 (γ) catalyst 

suffered from sintering or coking, as clear differences were not observed between the 

micrographs of the fresh and the spent catalysts and coke was not detected by XPS. The 

absence of any deactivation mechanism affecting to these catalyst was observed in the 

activity tests as none of them decreased the methane yield when the reaction 

temperature was increased. 

5.2.2. Industrial residues as supports 

The use of industrial residues as supports for synthesizing catalytic systems is a really 

interesting approach: it cannot only lower down the price of a catalyst, as industrial 

residues are cheaper than conventional supports, but also would be an efficient manner 

of valorising residues. 

A series of catalysts with a theoretical content of nickel of 13 wt % were prepared over 

different industrial residues employed as supports. These supports were FeSiMg, Waelz 

oxide, WDL (double leached Waelz oxide), Paval and PFS (fine and dried Paval).The 

results were compared with the 13Ni/Al2O3 (γ) catalysts employed previously for 

determining the most suitable catalyst calcination temperature. 

5.2.2.1. Chemical composition of the catalysts over industrial residues as supports 

ICP-OES was carried out to determine the chemical composition of these catalysts. 

According to the results, all the catalysts presented a real content of nickel (wt %) close 

to the desired one. The obtained results are presented in Table 5.14.  

122 

 



Results 

Table 5.14. ICP-OES of the catalysts over industrial residues as supports 

Catalyst Ni (wt %) 

13Ni/FeSiMg 13.3 

13Ni/Waelz 13.2 

13Ni/WDL 12.7 

13Ni/Paval 13.8 

13Ni/PFS 12.4 

5.2.2.2. Structural properties of the catalysts over industrial residues as supports 

BET surface area, pore volume and pore size were measured by N2 adsorption-

desorption isotherms. Results are presented in Table 5.15. 

Table 5.15. Structural properties of the catalysts over industrial residues as supports 

Catalyst BET surface area 

(m2/g) 

Pore volume 

(cm3/g) 

Average pore size 

(nm) 

FeSiMg < 1 < 0.01 13.1 

13Ni/FeSiMg 4 0.01 13.5 

Waelz < 1 < 0.01 26.8 

13Ni/Waelz 2 0.01 24.3 
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WDL 3 0.02 26.1 

13Ni/WDL 4 0.01 13.1 

Paval 35 0.06 6.9 

13Ni/Paval 24 0.04 7.2 

PFS 95 0.17 7.3 

13Ni/PFS 81 0.14 7.3 

Two different behaviours were observed for the structural properties of the catalysts 

over industrial residues as supports. In the case of the supports with low surface area 

(FeSiMg, Waelz and WDL) an increase in the surface area was observed after nickel 

impregnation. The increase in the surface area for these catalysts can be attributed to 

the nickel being impregnated in the outer surface, generating a new surface [83]. For 

the WDL a decrease in the pore size was observed, thus, part of the nickel was 

impregnated inside the pores of the support. For the catalysts supported on Paval and 

PFS a decrease in the surface area was observed after the impregnation, being 

attributed to the blockage of the pores of the support by the nickel observed as a slight 

decrease in the pore volume. 

5.2.2.3. TPR of the catalysts over industrial residues as supports 

The reducibility of the catalysts and the reduced species were measured by TPR. In order 

to compare these results with the 13Ni/Al2O3 (γ) catalyst, a dashed line has been added 

to the figure to represent the temperature at which the main reduction peak (NiO 

interacting with the support) of this catalyst appeared. These results are shown in Figure 

5.17. 

124 

 



Results 

 

Figure 5.28. TPR profiles of the catalysts over industrial residues as supports 

As it can be seen except the catalysts supported on FeSiMg and Paval, which presented 

their main reduction peak at approximately the same temperature that the 13Ni/Al2O3 

(γ) catalyst, for the other catalysts it was shifted to lower temperatures. As it has been 

previously explained this is the effect of a weaker interaction between metal and 

support and an improved reducibility of the catalysts. For the catalyst supported on WDL 

a peak at high temperatures (> 1000 K) was also observed. This peak cannot be 

attributed to any nickel specie but to the reduction of ZnO which is reduced at 

temperatures above 1000 K [125]. The reduction profile is the result of the combination 

of different reduction peaks attributed to different species that combine into the final 

peaks observed in the profile. Deconvolution of these peaks was carried out in order to 

determine the contribution of each reducible specie to the final reduction peak. Due to 

the complexity of the supports the reducible species were not determined but previous 

experience with nickel based catalysts on conventional supports indicates that the 

species are, in order of increasing temperature: Ni2O3, free NiO, NiO with weak 

interaction with the support and NiO with strong interaction with the support. The 

obtained results are presented in Table 5.16. 
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Table 5.16. TPR peak deconvolution of the catalysts over industrial residues as supports 

Catalyst Ni2O3 NiO NiO weak 

interaction 

NiO strong 

interaction 

13Ni/FeSiMg - 666 K-14.2 

% 

774 K-70.9 % 941 K-14.9 % 

13Ni/Waelz  - 623 K-70.0 

% 

785 K-30.0 % - 

13Ni/WDL 543 K-7.7 

% 

624 K-

75.1% 

802 K-17.2 %  

13Ni/Paval - 615 K-2.5 % 740 K-73.6 % 1109 K-23.9 % 

13Ni/PFS 536 K-5.9 

% 

626 K-39.5 

% 

714 K-54.6 % - 

The catalyst supported on FeSiMg has as its main specie NiO weakly interacting with the 

support (> 70 %), but it also presented NiO without interaction with the support and NiO 

strongly interacting with the support. For the catalyst supported on Waelz, NiO without 

interaction with the support (> 70 %) was the main specie and it also presented NiO 

weakly interacting with the support. When WDL was employed as support the resulting 

catalyst presented NiO without interaction with the support as the main specie (> 70 %). 

NiO weakly interacting with the support was the main specie for the catalyst supported 

on Paval (> 70 %) followed by NiO with strong interaction with the support. Finally, the 

catalyst supported on PFS presented NiO weakly interacting with the support as the 

main specie (> 50 %).  
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5.2.2.4. XRD of the catalysts over industrial residues as supports 

The main crystalline species in the fresh-reduced catalysts were determined by XRD. The 

results are presented in Figure 5.18. 

 

Figure 5.29. XRD profiles of the catalysts over industrial residues as supports 

Only the catalysts supported on Waelz, WDL and PFS presented the peaks corresponding 

to metallic nickel. For the two first catalysts this means a complete reduction of the 

present nickel, as no other nickel specie was observed. In the case of PFS, NiAl2O4 peaks 

were also identified so this catalyst was not completely reduced. The catalyst supported 

on FeSiMg presented two peaks corresponding to a complex MgNiO specie while 

metallic nickel was not observed, which means that reduction was not properly 

accomplished. Finally, the catalyst supported on Paval only presented peaks 

corresponding to NiAl2O4, a complex Ni-support specie, which is very difficult to reduce. 

All the peaks that can be observed and have not been depicted in the figure correspond 

to different species attributed to the supports, like different iron or zinc crystalline 

oxides. 
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XRD results are in good agreement with the results obtained by TPR, as all the catalysts 

that presented metallic nickel had a remarkable amount of easily reducible species. In 

the case of the catalyst supported on PFS the presence of another nickel specie can be 

attributed to the high reduction temperature of the NiO weakly interacting with the 

support. Moreover, in the case of the catalysts supported on FeSiMg and Paval even if 

NiO weakly interacting with the support was the main specie its reduction temperature 

was higher than the one employed for the reduction (673 K) resulting in an incomplete 

reduction of these catalysts. 

Average crystallite size of nickel was calculated, if applicable, employing the most 

intense nickel peak from XRD profiles and the Scherrer equation. Results are shown in 

Table 5.17. 

Table 5.17. Average nickel crystallite size of the catalysts over industrial residues as supports 

Catalyst Average nickel crystallite size (nm) 

13Ni/FeSiMg - 

13Ni/Waelz 51 

13Ni/WDL 41 

13Ni/Paval - 

13Ni/PFS  23 

The catalyst supported on PFS presented the lowest average nickel crystallite size among 

the catalysts supported on industrial residues. The catalysts supported on Waelz and 

WDL presented the largest average nickel crystallite size. This measurement was not 
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carried out for the catalysts supported on FeSiMg and Paval due to the fact that metallic 

nickel was not detected. 

5.2.2.5. Metallic dispersion of the catalysts over industrial residues as supports 

Pulse CO chemisorption technique was carried out to measure metallic dispersion of the 

catalysts. The only catalyst that presented the ability to adsorb CO was the 13Ni/PFS, 

giving as a result a value of the metallic dispersion of 0.54 %. 

Due to the fact that only one catalyst presented metallic dispersion we cannot correlate 

the results obtained by this characterisation technique with the ones obtained 

employing other techniques. However, we can consider that the fact that the other 

catalyst did not present any metallic dispersion, even if metallic nickel was measured by 

TPR, can be attributed to value of the metallic dispersion below the limits of the 

measurement equipment employed. 

5.2.2.6. Acidity of the catalysts over industrial residues as supports 

Measurements of the acidity of the catalysts were carried out by NH3-TPD. Results 

obtained are presented in Figure 5.19. 
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Figure 5.30. NH3-TPD profiles of the catalysts over industrial residues as supports 

The catalysts supported on FeSiMg and Waelz oxide presented almost flat desorption 

profiles. The peaks observed were too close to the noise region to perform the 

deconvolution of the profile and they could not be attributed to an acidic character. 

Both the catalysts supported on WDL and Paval presented an intense desorption peak 

at about 880 K. The catalysts supported on WDL and Paval presented the same low 

acidity, both being composed almost only by high temperature acid sites. Finally, the 

catalyst supported on PFS presented a wide acidity peak corresponding to a low acidity 

with a composition of approximately 1/3 low temperature acid sites and 2/3 high 

temperature ones.  

Both the amount of NH3 adsorbed for each catalyst and the amount of low and high 

temperature are presented, if available, in Table 5.18.  
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Table 5.18. Distribution of the acid sites of the catalysts over industrial residues as supports 

Catalyst Low temperature 

acid sites (%) 

High temperature 

acid sites (%) 

Adsorbed NH3 

amount (mmol/gcat) 

13Ni/FeSiMg - - 0.3 

13Ni/Waelz - - 0.1 

13Ni/WDL 5.1 94.9 0.6 

13Ni/Paval - 100 0.6 

13Ni/PFS 33.8 66.2 0.7 

5.2.2.7. TEM of the catalysts over industrial residues as supports 

The catalysts supported on industrial residues were also characterised by TEM in order 

to gain more information about their physical structure, the size of the metallic particles 

and their dispersion over the surface of the support. These results are presented in 

Figure 5.20.  
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a) 13Ni/FeSiMg 

 

b) 13Ni/Waelz 

 

c) 13Ni/WDL 

 

e) 13Ni/Paval 
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e) 13Ni/PFS 

 

Figure 5.31. TEM micrographs of the catalysts over industrial residues as supports 

Metallic particles could not be observed for the catalyst supported on FeSiMg, probably 

due to the poor contrast between nickel and one of the main components of the 

support, iron. For the catalysts supported on Waelz, WDL and Paval big clusters of nickel 

particles were observed. For the catalyst supported on PFS particles of different size 

could be observed, these particles were quite well dispersed even though some 

aggregated particles could also be observed. Particles could not be measured due to the 

fact that, as it has been previously mentioned, the number of observed particles was 

not enough to calculate a proper particle size distribution. However, the results obtained 

by TEM are in agreement with the ones obtained by other techniques and they confirm 

the previous statement about the average nickel crystallite size of the different catalysts. 

5.2.2.8. XPS of the catalysts over industrial residues as supports 

The species present in the surface of the fresh reduced catalysts were identified using 

XPS. For all the catalyst supported on industrial residues, nickel was measured as Ni2+ at 

two different core levels, Ni2p3/2 andNi2p1/2, with two different contributions at each 

core level: a main peak and its satellite peak. The absence of metallic nickel (Ni0) can be 

attributed, as it has been previously explained, to the oxidation of the fresh-reduced 
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samples due to the exposure to the atmosphere prior to the analysis. The main peak for 

the Ni2p3/2 core level was measured at a binding energy of approximately 855.0 eV while 

the satellite peak was measured at a binding energy of approximately 861.0 eV. The 

peaks corresponding to the Ni2p1/2 core level were measured at a binding energy of 

approximately 873.0 eV, the main one, and 880.0 eV the satellite peak. The slight 

differences in the binding energies of the different catalysts can be attributed to a 

different nickel-support interaction. As it has been previously explained, if the main peak 

of the Ni2p3/2 core level is located at binding energies lower than 855.0 eV, it means a 

weaker interaction between metal and support. The measured profiles are presented in 

Figure 5.21 while a summary of the binding energies is presented in Table 5.20. 

 

Figure 5.32. Ni XPS spectra of the catalysts over industrial residues as supports 

Table 5.19. Binding energies (eV) XPS of the catalysts over industrial residues as supports 

Catalyst Ni2+ 

(Ni2p3/2) 

Ni2+ satellite 

(Ni2p3/2) 

Ni2+ 

(Ni2p1/2) 

Ni2+ satellite 

(Ni2p1/2) 
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13Ni/FeSiMg 855.3 861.5 873.2 879.7 

13Ni/Waelz 854.9 861.2 872.7 879.4 

13Ni/WDL 855.0 861.3 873.0 879.7 

13Ni/Paval 855.9 862.2 873.8 880.5 

13Ni/PFS 854.0 860.4 872.0 878.6 

5.2.2.9. Activity tests of the catalysts over industrial residues as supports 

The results obtained in the activity tests are shown in Figure 5.22. The results are 

compared with the values predicted by the thermodynamic equilibrium. 

 

Figure 5.33. Activity results of the catalysts over industrial residues as supports 

The catalyst supported on FeSiMg did not present catalytic activity until the reaction 

temperature was increased up to 673 K. At this temperature the obtained methane yield 
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was close to 50 %, far from the thermodynamic equilibrium though. A further increase 

of the temperature decreased the catalytic activity and at 773 K this was not observed. 

The catalysts supported on Waelz oxide, WDL and Paval did not present any catalytic 

activity at all the temperatures tested, thus they cannot be considered suitable supports 

for the synthesis of catalysts to be employed in CO2 methanation process. Finally, the 

catalysts supported on PFS did not present catalytic activity at the lowest temperature 

tested but once the temperature was increased up to 623 K methane production could 

be observed, reaching its maximum at 673 K and decreasing when temperature was 

further increased. Even if the catalyst supported on PFS did not reach the 

thermodynamic equilibrium, it was not so far. Moreover, an additional advantage of this 

catalyst has to be considered: the use of an industrial residue for the synthesis of the 

catalyst, resulting in a cheaper catalyst and the valorisation of a residue. 

5.2.2.10. TEM of the spent catalysts over industrial residues as supports 

The presence of coke and the changes in the structure after the activity tests were 

analysed by TEM. The obtained results are presented in Figure 5.23. For the catalyst 

supported on FeSiMg, as it happened for the fresh reduced catalyst, metallic particles 

could not be clearly distinguished due to the poor contrast between metal and support. 

The catalysts supported on Waelz, WDL and Paval presented big metallic particles, as it 

was observed previously for the same fresh reduced samples. All these samples also 

presented coke encapsulating the metallic particles. The 13Ni/PFS catalyst did not 

present any coke species after being employed in the activity tests, however the 

temperatures employed in the reaction had as a consequence the growing of the 

metallic particles and the formation of particle clusters.  
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a) 13Ni/FeSiMg spent 

 

b) 13Ni/Waelz spent 

 

c) 13Ni/WDL spent 

 

d) 13Ni/Paval spent 
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f) 13Ni/PFS spent 

 

Figure 5.34. TEM micrographs of the spent catalysts over industrial residues as supports 

5.2.2.11. XPS of the spent catalysts over industrial residues as supports 

Spent catalysts over industrial residues as supports were analysed by XPS in order to 

detect carbon species on the surface. For the catalysts supported on FeSiMg, and Paval 

only one carbon specie was detected, graphitic carbon at a binding energy of 

approximately 284.6 eV. For the catalysts supported on Waelz and WDL, not only 

graphitic carbon at a binding energy of approximately 284.6 eV but also C=O at a binding 

energy of approximately 288.5 eV was measured, but the graphitic carbon was the main 

specie. All the catalysts presented a large amount of carbon on the surface; 37 wt % for 

the catalyst supported on FeSiMg, 66 wt % for the catalyst supported on Waelz, 55 wt 

% for the catalyst supported and 35 wt % for the catalyst supported on Paval. Surface 

carbon was not detected for the catalyst supported on PFS. The results obtained are 

presented in Figure 5.24. 

138 

 



Results 

 

Figure 5.35. CXPS spectra of the spent catalysts over industrial residues as supports 

5.2.2.12. Discussion of the catalysts over industrial residues as supports 

It has been suggested that reducibility of the catalysts plays a crucial role in the catalytic 

activity, namely, the presence of nickel species with weak to medium interaction with 

the support. The sudden increase in the activity of the 13Ni/FeSiMg can be correlated 

to the presence of a large amount of NiO weakly interacting with the support with a high 

reduction temperature, which could be further reduced during the activity tests. 

Moreover, the composition of the support can provide some information about the 

results obtained: the support contained Mg, which is known to be a promoter of the 

carbon dioxide methanation reaction [53]. For the catalyst supported onWalez the 

presence of a large amount of NiO without interaction with the support resulted in the 

null catalytic activityt. Both the catalyst supported on WDL and Paval did not present 

any catalytic activity. For the one supported on WDL can be attributed to the abundant 

presence of NiO without interaction with the support. For the catalyst supported on 
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Paval, the high reduction temperature of the NiO weakly interacting with the support 

specie and the remarkable amount of NiO strongly interacting with the support resulted 

in the null catalytic activity. Lastly, the use of PFS as support resulted in a catalyst mainly 

formed by NiO weakly interacting with the support that together with other 

physicochemical properties of the catalyst gave as a result a catalyst with quite high 

activity. 

The results obtained by XRD allow us to deepen in the correlations between the 

properties of the catalysts and their activity. In the case of the catalyst supported on 

FeSiMg it was due to the high reduction temperature of the main reducible specie. While 

both Waelz and WDL presented metallic nickel, according to the XRD measurements the 

lack of catalytic activity can be attributed to the big average nickel crystallite size. The 

catalyst supported on Paval did not present any metallic nickel, as expected by the high 

reduction temperature of the NiO weakly interacting with the support specie observed 

by TPR, ergo no active sites were accessible for carbon dioxide methanation reaction 

and catalytic activity was not observed. For the catalyst supported on PFS all the 

reducible species measured by TPR were easily reducible that resulted in the presence 

of metallic nickel with a small average crystallite size that led to the quite high catalytic 

activity observed. 

Metallic dispersion was only measured for the catalyst supported on PFS. For all the 

other catalysts, not obtaining a value of the metallic dispersion by this technique can be 

attributed to a low metallic dispersion. 

Results obtained by NH3-TPD for the catalysts over industrial residues as supports 

proved that the catalyst supported on FeSiMg presented low acidity and an amount of 

high temperature acid sites higher than the optimum one, which according to the data 

obtained with the acidic supports was defined as approximately 60 %. However this 

catalyst presented activity at different temperatures, probably due to the presence of 

Mg that enhances the carbon dioxide methanation reaction [126]. The absence of acid 

character of the catalyst supported on Waelz, combined with its other physicochemical 

properties, resulted in a catalyst without any catalytic activity. Both the catalyst 
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supported on WDL and Paval presented approximately the same acidity, which was low, 

and were mainly composed by high temperature acid sites that resulted in the null 

catalytic activity. Finally, the catalyst supported on PFS presented a low acidity but the 

distribution of low/high temperature acid sites was close to the optimal one (low:high 

temperature acid sites 1:1.5) being this beneficial for the catalytic activity, explaining 

why this catalyst presented the highest catalytic activity at temperatures above 623 K 

when compared to all the catalysts over industrial residues as supports. 

TEM micrographs further demonstrated the metallic dispersion of the catalysts, even if 

it was not measured by CO chemisorption. The influence of this parameter, metallic 

dispersion, on the performance of the catalysts was high as the catalyst that did not 

present metallic dispersion, neither presented catalytic activity. 

The only nickel specie measured in the surface of the catalysts by XPS was Ni2+ for all the 

catalysts synthesised over industrial residues as supports.  

The changes in the structure of the catalysts due to performing the carbon dioxide 

methanation reaction and the possible formation of coke on the catalysts, due to the 

presence of hydrocarbons in the reaction, were determined by characterising the spent 

catalysts by TEM and XPS. 

The only catalyst that clearly suffered from sintering was 13Ni/PFS and this deactivation 

mechanism could be responsible of the lower catalytic activity of this catalyst once the 

reaction temperature was increased above 673 K, the temperature at which the 

maximum catalytic activity was observed. The fact that sintering was not observed for 

the other catalysts does not mean that they were resistant to this deactivation 

mechanism, but that the metallic particles of the fresh catalysts were so big that even if 

they grew after the activity tests this could not be observed. 

To sum up with, both TEM and XPS over the spent catalysts proved the presence of a 

large amount of coke for the catalysts supported on FeSiMg, Waelz, WDL and Paval; as 

graphitic carbon for the 13Ni/FeSiMg and 13Ni/Paval catalysts and as both graphitic 
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carbon and C=O for the 13Ni/Waelz and 13Ni/WDL catalysts. In the case of the 

13Ni/FeSiMg catalyst the decrease in the catalytic activity observed in the activity tests 

could be related to this presence of graphitic carbon on the surface of the catalyst. For 

all the other catalysts, none of them presented any catalytic activity so coking cannot be 

considered a deactivation mechanism, but it proves that instead of the carbon dioxide 

methanation reaction one of the possible side reactions, namely Boudouard reaction, 

was catalysed. 

5.2.3. Natural supports 

The use of natural supports for synthesising catalysts is a good alternative to the use of 

conventional supports, as natural ones are widely available and they are also cheaper. 

A series of catalysts with a theoretical content of nickel of 13 wt % were prepared over 

different natural supports. These supports were: sepiolite, stevensite, attapulgite and 

Lava (from Mount Etna). As it has been done in the previous sections, the results 

obtained with the 13Ni/Al2O3 (γ) catalyst are included as a reference for comparison. 

5.2.3.1. Chemical composition of the catalysts over natural supports 

The real metallic content of the catalysts was determined by ICP-OES. The results are 

presented in Table 5.22. According to these, all the catalysts presented a metallic 

content close to the desired one (13 wt %), being the catalyst supported on sepiolite the 

one that presented the lowest nickel content among all the catalysts prepared with 

natural supports. 

Table 5.20. ICP-OES of the catalysts over natural supports 

Catalyst Ni (wt %) 

13Ni/Sepiolite 10.8 
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13Ni/Stevensite 11.4 

13Ni/Attapulgite 11.9 

13Ni/Lava 12.3 

5.2.3.2. Structural properties of the catalysts over natural supports 

The structural properties (BET surface area, pore volume and pore size) measured for 

these catalysts by N2 adsorption-desorption isotherms are presented in Table 5.23. 

Table 5.21. Structural properties of the catalysts over natural supports 

Catalyst BET surface area 

(m2/g) 

Pore volume 

(cm3/g) 

Average pore size 

(nm) 

Sepiolite 129 0.29 9.1 

13Ni/Sepiolite 122 0.21 7.5 

Stevensite 213 0.15 3.3 

13Ni/Stevensite 140 0.19 5.8 

Attapulgite 90 0.22 10.0 

13Ni/Attapulgite 76 0.25 13.6 

Lava < 1 0.01 92.0 

13Ni/Lava 3 0.01 15.1 
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For the catalysts supported on sepiolite, stevensite and attapulgite a decrease in the 

surface area was observed after the impregnation of the nickel, due to the metal 

blocking mesopores of the support. For the catalyst supported on sepiolite both the pore 

volume and the pore size decreased, while for the ones supported on stevensite and 

attapulgite these values were larger probably to being the smallest pores the ones 

blocked [127]. For the 13Ni/Lava catalyst an increase in the surface area was observed 

after the impregnation procedure. This can be attributed to the nickel being 

impregnated in the outer surface of the support and creating new area. 

5.2.3.3. TPR of the catalysts over natural supports 

The reducible species and their reducibility were measured by TPR. So as to compare 

these results with the 13Ni/Al2O3 (γ) catalyst a dash line has been added to the figure to 

represent the temperature at which the main reduction peak of this catalyst was 

observed. These results are shown in Figure 5.25. 

 

Figure 5.36. TPR profiles of the catalysts over natural supports 
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As it can be seen in the figure, the temperature of the main reduction peak for the 

13Ni/Sepiolite catalyst was slightly shifted to higher temperature comparing with the 

catalyst supported on alumina (γ), thus, as it has been explained it was more difficult to 

reduce. The opposite behaviour was observed for the catalysts supported on stevensite 

and attapulgite, with the main reduction peak being shifted to lower temperatures. 

Finally, for the catalyst supported on lava this behaviour was more pronounced, 

presenting a sharp peak at approximately 600 K. All the reduction peaks presented were 

the result of the combination of different peaks. In order to analyse the influence of 

each peak, which correspond to different species, in the reduction profile deconvolution 

was carried out. Results are presented in Table 5.24. 

Table 5.22. TPR peak deconvolution of the catalysts over natural supports 

Catalyst NiO NiO weak 

interaction  

NiO strong 

interaction 

Ni-support 

complex specie 

13Ni/Sepiolite 649 K-

10.4 % 

787 K-81.4 % 831 K-2.4 % 957 K-5.8 % 

13Ni/Stevensite 647 K-

7.5 % 

719 K-39.4 % 851 K-50.1 % 903 K-3.0 % 

13Ni/Attapulgite  660 K-

53.4 % 

804 K-38.1 % 843 K-3.9 % 938 K-4.6 % 

13Ni/Lava 603 K-

100 % 

- - - 

The main nickel specie present in the catalyst supported on sepiolite was NiO weakly 

interacting with the support (> 81 %), while both NiO interacting strongly with the 

support and complex Ni-support specie were the less abundant ones. For the catalyst 
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supported on stevensite the main reducible specie was NiO strongly interacting with the 

support (> 50 %) together with NiO weakly interacting with the support (> 39 %) so the 

most abundant specie was one difficult to be reduced. When attapulgite was employed 

as catalytic support, NiO without interaction with the support was the main reducible 

specie (> 53 %) together with NiO with weak interaction with the support (> 38 %) whilst 

the hardest reducible species were the less abundant ones. Employing lava as support 

resulted in a catalyst with NiO without interaction with the support as the main, and 

only, reducible specie. 

5.2.3.4. XRD of the catalysts over natural supports 

XRD measurements were carried out to determine the main crystalline species in the 

fresh-reduced catalysts. The results are presented in Figure 5.26. As it can be observed 

all the catalyst presented a characteristic peak related to metallic nickel at 

approximately 45° so it can be confirmed the complete reduction of these catalysts. 

Another remarkable feature that can be clearly observed is the intensity of the peak 

corresponding to the catalyst supported on lava. This higher intensity, when compared 

with the other catalysts, is associated to bigger crystallites [128]. 
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Figure 5.37. XRD profiles of the catalysts over natural supports 

Results obtained by TPR are in good agreement with the ones obtained by XRD. The 

catalyst supported on sepiolite, that contained easily reducible species was completely 

reduced. For the catalyst that contained hardly reducible nickel species as the most 

abundant ones, namely 13Ni/Stevensite catalyst, nickel was detected by XRD meaning 

that reduction was achieved probably due to the fact that even though it was composed 

by hardly reducible species it also presented a remarkable amount of NiO weakly 

interacting with the support. The 13Ni/Attapulgite catalyst presented the same 

behaviour as the one supported on sepiolite because, even if at a different proportion, 

it was also composed by nickel species that were easy to reduce. Finally, the catalyst 

supported on lava only presented a nickel specie according to TPR results: NiO not 

interacting with the support, thus, the nickel specie that is most easily reduced which is 

in agreement with XRD results as different peaks related to metallic nickel could be 

observed. 

Scherrer equation was applied to the most intense nickel peak obtained by XRD for each 

catalyst in order to calculate the average crystallite size. These results can be observed 

in Table 5.25. 

Table 5.23. Average nickel crystallite size of the catalysts over natural supports 

Catalyst Average nickel crystallite size (nm) 

13Ni/Sepiolite 28 

13Ni/Stevensite 32 

13Ni/Attapulgite 31 

13Ni/Lava 49 
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The catalyst supported on sepiolite presented the smallest average nickel crystallite size, 

while the catalyst supported on stevensite and attapulgite presented higher average 

nickel crystallite size. As expected by the sharp peak observed in the XRD profile, the 

13Ni/Lava catalyst presented the largest average nickel crystallite size. 

5.2.3.5. Metallic dispersion of the catalysts over natural supports 

Metallic dispersion was measured using CO pulse chemisorption technique. Results are 

presented in Table 5.26. 

Table 5.24. Metallic dispersion of the catalysts over natural supports 

Catalyst Metallic dispersion (%) 

13Ni/Sepiolite 0.5 

13Ni/Stevensite 0.2 

13Ni/Attapulgite 0.3 

13Ni/Lava - 

The catalyst supported on sepiolite presented the highest metallic dispersion. The 

catalyst supported on stevensite and the one supported on attapulgite presented 

approximately the same metallic dispersion. Regarding to the catalyst supported on 

lava, the metallic dispersion obtained can be considered null. These results are in 

agreement with the results obtained by XRD, as the catalyst that presented the smallest 

average crystallite size presented the highest metallic dispersion. 

5.2.3.6. Acidity of the catalysts over natural supports 

NH3-TPD was the technique employed to measure the acidity of the catalysts supported 

on natural supports. The results obtained are presented in Figure 5.27. 
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Figure 5.38. NH3-TPD profiles of the catalysts over natural supports 

The catalyst supported on sepiolite presented a heterogeneous desorption profile with 

three different peaks located at approximately 600 K, 850 K and 1000 K. The 

13Ni/Stevensite catalyst presented a wide peak in the range 700-1100K with the 

maximum located at approximately 1050 K. For the catalyst supported on attapulgite a 

small peak was measured at approximately 600 K and a more intense peak was 

measured at approximately 900 K. Finally, using lava as support resulted in a catalyst 

without acid character as it can be seen in the flat profile depicted in the figure. The 

comparison between the acid characters of the different catalysts was carried out with 

the methodology explained previously: attributing the peaks at temperatures lower 

than 723 K to low temperature acid sites and correlating the peaks at temperatures 

above this to high temperature acid sites. The distribution of the different acid sites and 

the NH3 amount adsorbed by each catalyst are presented in Table 5.27.  
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Table 5.25. Distribution of the acid sites of the catalysts over natural supports 

Catalyst Low temperature 

acid sites (%) 

High temperature 

acid sites (%) 

Adsorbed NH3 

amount (mmol/gcat) 

13Ni/Sepiolite  37.6 62.4 2.7 

13Ni/Stevensite 13.4 86.6 6.5 

13Ni/Attapulgite 16.1 83.9 3.3 

13Ni/Lava - - - 

It can be seen that, except for lava that did not present any acidic property, all the other 

catalysts presented a strong acid character even stronger than the supports previously 

classified as “acidic supports”. However, due to the natural procedure of these ones and 

the conventional commercial nature of the others they were separated in two different 

categories in order to stablish a better comparison during this PhD thesis. 

Having said that, the catalyst supported on sepiolite presented the weakest acid 

character of them, however it presented the optimal distribution of acid sites (low:high 

temperature 1:1.5) as concluded for the catalysts prepared over acidic supports. The 

13Ni/Stevensite catalyst presented the strongest acid character, being most of the acid 

sites measured at high temperatures. This kind of acid sites were also the dominant ones 

for the catalyst support on attapulgite, however its acid character was weaker. 

5.2.3.7. TEM of the catalysts over natural supports 

Micrographs of the catalysts prepared over natural supports were taken by TEM 

technique in order to gain a better understanding about the structure of the catalyst 

and the metal-support interactions. Results obtained are presented in Figure 5.28. 

150 

 



Results 

a) 13Ni/Sepiolite 

 

b) 13Ni/Stevensite 

 

c) 13Ni/Attapulgite 

 

d) 13Ni/Lava 

 

Figure 5.39. TEM micrographs of the catalysts over natural supports 

As it can be seen, a homogeneous particle distribution with small particles well dispersed 

was obtained for the catalyst supported on sepiolite. The one supported on stevensite, 

on the contrary, presented big metallic particles that can be associated with a poor 

dispersion. The behaviour of the catalyst supported on attapulgite was close to the one 

supported on sepiolite, with small metallic particles well dispersed, nevertheless they 
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were bigger than the ones observed for the former. Using lava as a support resulted in 

the formation of big chunks of nickel, being the dispersion for this catalyst low. 

As it has been previously explained, the small amount of particles to be measured would 

result in a huge error so that particles were not measured as the particle size distribution 

would not be representative. However, the differences observed in the micrographs are 

in agreement with the statements made with the results obtained for the average nickel 

crystallite size, measured by XRD, and the metallic dispersion measured by CO 

chemisorption. 

5.2.3.8. XPS of the catalysts over natural supports 

Fresh-reduced catalysts over natural supports were analysed by XPS in order to detect 

the species presents on the surface of the catalysts. In all the cases nickel was detected 

as Ni2+ with a main peak and a satellite peak for two different core levels: Ni2p3/2 and 

Ni2p1/2. In all the cases the main peaks were measured at a binding energy of 

approximately 855.0 eV, for the Ni2p3/2 core level, and 873.0 eV for the Ni2p1/2 core level 

while the satellite peaks were measured at a binding energy of approximately 860.0-

862.0 eV and 880.0 eV for the different core levels. The measured profiles are presented 

in Figure 5.29 while a summary of the binding energies measured can be observed in 

Table 5.28. 
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Figure 5.40. Ni XPS spectra of the catalysts over natural supports 

Table 5.26. Binding energies (eV) XPS of the catalysts over natural supports 

Catalyst Ni2+ 

(Ni2p3/2) 

Ni2+ satellite 

(Ni2p3/2) 

Ni2+ 

(Ni2p1/2) 

Ni2+ satellite 

(Ni2p1/2) 

13Ni/Sepiolite 856.3 862.4 874.2 880.4 

13Ni/Stevensite 854.7 860.9 872.6 879.0 

13Ni/Attapulgite 855.8 862.2 873.7 880.2 

13Ni/Lava 854.6 860.8 872.5 879.0 

5.2.3.9. Activity tests of the catalysts over natural supports 

The results obtained in the activity tests are presented in Figure 5.30. The results are 

compared with the values predicted by the thermodynamic equilibrium. 
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Figure 5.41. Activity results of the catalysts over natural supports 

The catalyst supported on sepiolite presented high catalytic activity at all the 

temperatures tested, being close to the thermodynamic equilibrium at all these 

temperatures. Comparing with the catalyst supported on alumina (γ) the catalyst 

supported on sepiolite presented slightly higher catalytic activity at all the temperatures 

tested apart from the highest one, however being both catalysts close to the 

thermodynamic equilibrium was not possible to stablish comparisons between them. 

Regarding to the catalyst supported on stevensite, catalytic activity was not observed at 

any of the temperatures tested. Catalytic activity was observed at all the temperatures 

tested for the 13Ni/Attapulgite catalyst but the values obtained were not close to the 

thermodynamic equilibrium, thus, its performance was worse than the presented by the 

catalysts supported on alumina (γ) and sepiolite. However, it could be considered a 

promising alternative support to the conventional ones, as it presented average catalytic 

activity at a low price. Finally, the catalyst supported on lava did not present any catalytic 

activity at all the temperature tested, so it cannot be considered a useful support for 

carbon dioxide methanation process. 
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5.2.3.10. TEM of the spent catalysts over natural supports 

The possible presence of coke and the changes in the structure of the catalysts after 

performing the activity tests were measured by TEM, being these results presented in 

Figure 5.31. These micrographs were taken to analyse the changes in the structure of 

the catalysts after the activity tests but also to determine if coke was formed due to the 

presence of hydrocarbons in the reaction. As it can be observed, the catalyst supported 

on sepiolite suffered both from coke deposition, in form of coke encapsulating the 

metallic nickel, and growth of the metallic particles due to sintering. However, none of 

the deactivation mechanisms were so important and both small particles, well 

dispersed, and particles not being encapsulated by nickel were mostly observed in the 

micrograph. 

For the 13Ni/Stevensite catalyst mostly big and poorly dispersed particles were 

observed, as expected due to the structure of the catalyst prior to the activity tests. Coke 

was also observed for this catalyst, encapsulating the metallic particles too. The catalyst 

supported on attapulgite also presented growth of the particles, being some of them 

encapsulated by coke. Finally, growth of the particles could not be appreciated for the 

catalyst supported on lava as it already presented big, not dispersed, particles before 

performing the activity tests. However, carrying out the activity tests with this 13Ni/Lava 

catalyst had as a consequence a great formation of coke, which can be observed in the 

picture encapsulating most of the particles present in the image.  
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a) 13Ni/Sepiolite spent 

 

b) 13Ni/Stevensite spent 

 

c) 13Ni/Attapulgite spent 

 

d) 13Ni/Lava spent 

 

Figure 5.42. TEM micrographs of the spent catalysts over natural supports 

5.2.3.11. XPS of the spent catalysts over natural supports 

The amount of carbon on the surface of the catalysts over natural supports was 

measured by XPS. For all the catalysts unique carbon specie was detected, graphitic 

carbon at a binding energy of 284.6 eV. While for the catalysts supported on sepiolite, 

stevensite and attapulgite the amount detected was of approximately 9 wt %, the 
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catalyst supported on lava presented a great amount of graphitic carbon, approximately 

47 wt %. The results are presented in Figure 5.32. 

 

Figure 5.43. C XPS spectra of the spent catalysts over natural supports 

Sintering was observed for all the catalysts by TEM, however it did not have much 

influence on the activity of the catalysts as both the catalyst supported on sepiolite and 

attapulgite did not present a noticeable decrease in their catalytic activity when the 

reaction temperature was increased while performing the activity tests. As the 

13Ni/Stevensite and 13Ni/Lava catalysts did not present any catalytic activity, the 

sintering observed by TEM was not considered in the activity tests as a deactivation 

mechanism. 

5.2.3.12. Discussion of the catalysts over natural supports 

The results obtained for the structural properties of the catalysts proved that in all of 

them, but the one supported on lava, the nickel was impregnated inside the porous 

structure of the support, resulting in a catalyst with a lower surface area than the bare 
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support. For the catalyst supported on sepiolite, the decrease in the pore volume and 

the average pore size can be attributed to the fact of the biggest pores being blocked 

while the opposite trend was observed for the catalysts supported on stevensite and 

attapulgite. For the latter, the increase in the values of the pore volume and the average 

pore size are attributed to the smallest pores being blocked by the nickel. The presence 

of the nickel in smaller pores results in a slower diffusion than the one that can be 

achieved in larger mesopores, thus, a worse catalytic activity [96]. 

The measurements of the reducibility of the different catalysts proved again, as it 

happened for all the catalysts previously explained, the great influence of the NiO with 

weak interaction with the support on the catalytic activity. The catalyst supported on 

sepiolite, which was the one that presented the highest catalytic activity among all the 

catalysts over natural supports, presented a great amount of this NiO specie. For the 

13Ni/Stevensite catalyst the lack of catalytic activity can be attributed to the large 

amount of NiO with strong interaction with the support. Being NiO without interaction 

with the support the main specie measured for the catalyst supported on attapulgite 

hindered its catalytic activity, however it presented a large amount of NiO with weak 

interaction with the support that performed as the active site for the CO2 methanation 

process. Finally, the catalyst supported on Lava only presented NiO without interaction 

with the support, resulting in a catalyst without any activity. 

Results obtained by XRD proved that all the catalysts were reduced, as metallic nickel 

was detected for all of them. Whilst the ability to achieve the reduction can be explained 

for the catalysts supported on sepiolite, attapulgite and lava, due to being composed 

mainly by easy to reduce nickel species, a different approach is needed for the catalyst 

supported on stevensite. In this case, although the main nickel species detected for the 

catalyst were the ones with strong interaction with the support, they were measured at 

low temperatures so they could still be reduced. The average nickel crystallite size 

calculated with the Scherrer equation showed that the catalyst supported on sepiolite, 

the one that presented the best catalytic activity, presented the smallest average nickel 

crystallite size. The catalysts supported on stevensite and attapulgite roughly presented 
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differences on their average nickel crystallite size, while the largest one was measured 

for the catalyst supported on lava. 

Although average nickel crystallite size can be used to estimate the metallic dispersion, 

this was measured by CO chemisorption. The results obtained with this technique 

sustained the estimations that were previously made. The catalyst supported on 

sepiolite presented the highest metallic dispersion, with the catalyst supported on 

stevensite and attapulgite showing approximately the same value and the one 

supported on lava presenting a value of the metallic dispersion that can be considered 

low. The obtained results are in accordance with the assumption that a higher metallic 

dispersion is beneficial for the performance of the catalyst in the studied reaction. 

When using the acidity data retrieved to understand the catalytic activity of the 

catalysts, the results obtained by the catalyst supported on sepiolite are useful to 

confirm that there is an optimal low:high temperature acid sites ratio, being this close 

to 1:1.5, together with an overall moderate acidity. As it was observed for the catalysts 

over acidic supports and the catalysts using industrial residues as supports, an increase 

in the amount of high temperature acid sites is detrimental for the catalytic activity, as 

it was observed both for the catalyst supported on stevensite and attapulgite. This effect 

was more pronounced for the catalyst supported on stevensite, which did not present 

any catalytic activity. This cannot only be attributed to the really strong acid character 

measured, that could inhibit the adsorption of CO2, but also to the sum of all the other 

measured physicochemical properties. 

The different metallic dispersion, approximately calculated by XRD and quantitatively 

measured by CO chemisorption, were further proved by TEM. With the micrographs 

obtained by this technique the dispersion of the metal over the surface of the support 

was clearly observed. It has been previously concluded, the higher the metallic 

dispersion, the better the performance of the catalyst on the carbon dioxide 

methanation reaction. However, other parameters must also be taken into account and 

even if it does enhance the catalytic activity, it cannot ensure a high catalytic activity if 

other physicochemical parameters hinder the performance of the catalyst. 
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The catalysts over natural supports only presented Ni2+ in the surface, as it was 

concluded by XPS. 

TEM and XPS measurements were also performed for the spent catalysts in order to 

observe changes in their structure after the activity tests or determine if coke was 

formed after performing the carbon dioxide methanation reaction. 

The presence of coke, observed by TEM, was further proved by XPS. The catalysts 

supported on sepiolite, stevensite and attapulgite presented a low amount of graphitic 

coke on the surface (≈ 10 %) that in any of the cases resulted in a decrased of the 

catalytic activity. However, for the catalyst supported on stevensite could be correlated 

to this catalyst favouring the Bouduard reaction instead of the desired carbon dioxide 

methanation reaction. This behaviour was more explicit for the 13Ni/Lava that 

presented approximately a 50 % of graphitic carbon on the surface. 

Even though, neither sintering nor coking seemed to decrease the catalytic activity of 

the 13Ni/Sepiolite and 13Ni/Attapulgite catalyst, it has to be taken into account that the 

activity tests were carried out only during 450 minutes. The presence of both 

deactivation mechanisms suggests that the stability of the catalysts could be 

compromised if the reaction time was increased. 

5.3. Stability tests 

Stability tests were carried out with the catalysts that presented the best results during 

the activity tests in fixed bed reactors, namely, 13Ni/3Cr-4Zr-Al2O3 (γ) and 

13Ni/Sepiolite. The stability tests were carried out during 25 hours at 573 K, results are 

presented in Figure 5.33. A black line representing the thermodynamic equilibrium at 

573 K is added for comparison. 
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Figure 5.44. 25 h activity test 

The catalyst supported on chromium-zirconium modified alumina (γ) was stable during 

25 hours, and it approximately maintained its initial activity after 25 hours. Regarding to 

the catalyst supported on sepiolite, its performance was more unstable as its activity 

fluctuated during 25 hours. In order to obtain a better comparison, these catalysts were 

tested during 120 hours and the WHSV was doubled in order to accelerate the 

deactivation of the catalysts. The results are presented in Figure 5.34, the 

thermodynamic equilibrium is included as reference. 
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Figure 5.45. 120 h activity test 

As it can be seen, 120 hours on stream resulted in fluctuating activity for both catalysts. 

Both catalysts presented approximately the same initial activity, however the final one 

was lower for the catalyst supported on sepiolite. This proves that the catalyst 

supported on chromium-zirconium modified alumina (γ) performs better than the 

catalyst supported on sepiolite for longer activity test runs. Regarding to the blank range 

for the catalyst supported on chromium-zirconium modified alumina (γ) is attributable 

to an experimental error that did not allow recording the results. 

Now that the loss of activity after 25 hours and 120 hours runs has been presented, 

another interesting feature of these catalysts is the average CH4 yield during those 

activity tests. These results are shown in Table 5.30.  
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Table 5.27. Average CH4 yield stability tests 

Catalyst Average CH4 yield 25 h (%) Average CH4 yield 120 h (%) 

13Ni/3Cr-4Zr-Al2O3 (γ) 86.3 71.9 

13Ni/Sepiolite 80.1 57.1 

As it has been previously mentioned, during the 25 hours stability test both catalysts 

presented close performances even though the one supported on chromium-zirconium 

modified alumina (γ) was the best. After 120 hours on stream and at double WHSV 

activity test, both catalysts presented a decrease in their catalytic activity being it more 

pronounced for the catalyst supported on sepiolite. 

5.4. Catalysts for photoreactors 

The photocatalysts tested can be divided in two different groups: gold and silver based 

photocatalysts. Due to the fact that the experimental setup for the photocatalytic 

methanation reactor was different to the one carried out both in fixed bed and 

microreactors, comparisons cannot be established between the results previously 

presented and the ones that will be presented in the following sections. 

5.4.1. Gold based photocatalysts 

Two different catalysts with a theoretical content of gold of 5 wt % were prepared by 

deposition-precipitation method, using flame spray pyrolysis (FSP) SiO2 as catalytic 

support. One of the prepared catalysts also had a theoretical loading of nickel of 5 wt %. 

To analyse the interaction between gold and nickel, another catalyst containing only a 

theoretical amount of nickel of 5 wt % was prepared by the same method as reference.  
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5.4.1.1. Chemical composition of the gold based photocatalysts 

ICP-OES technique was employed to determine the chemical composition of the 

photocatalysts. According to the results obtained all the catalysts presented a loading 

of the different metals, nickel and/or gold, close to the desired one. These results can 

be observed in Table 5.31. 

Table 5.28. ICP-OES of the gold based photocatalysts 

Catalyst Ni (wt %) Au (wt %) 

5Ni/SiO2 4.4 - 

5Au/SiO2 - 4.2 

5Ni-5Au/SiO2 5.4 5.0 

5.4.1.2. Structural properties of the gold based photocatalysts 

The only structural property measured by N2 adsorption-desorption isotherms for the 

gold photocatalysts was BET surface area, regarding to the fact that the supports 

prepared by FSP are non-porous so parameters like the pore volume and the average 

pore size were not measured. The results obtained are presented in Table 5.32. 

Table 5.29. Structural properties of the gold based photocatalysts 

Catalyst Surface area (m2/g) 

SiO2 344 

5Ni/SiO2 257 
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5Au/SiO2 262 

5Ni-5Au/SiO2 285 

The SiO2 support prepared by FSP presented a high surface area, this surface area 

decreased after the loading of the different metals. The monometallic catalysts 

presented approximately the same surface are while the value was higher for the 

bimetallic catalyst, however the difference was not significant. The decrease in the 

surface area after the loading of the metals could be attributed to interparticle blocking, 

providing that FSP supports do not present pores to be blocked.  

5.4.1.3. TPR of the gold based photocatalysts 

Information about the reducibility and the reducible species of these catalysts was 

obtained by TPR. The results obtained for these catalysts are presented in Figure 5.35. 

 

Figure 5.46. TPR profiles of the gold based photocatalysts 
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As it can be seen, the main reduction peak for the monometallic nickel catalyst was 

located at approximately 900 K. The monometallic gold presented a small reduction 

peak at approximately 700 K, however this peak cannot be attributed to the reduction 

of gold, which is usually located at approximately 423 K [129], but to a possible excess 

of urea after the synthesis of the catalyst. The reduction profile of the bimetallic nickel-

gold catalyst implies the interaction between nickel and gold, as the reduction peak is 

slightly shifted to lower temperatures when comparing with the monometallic nickel 

catalyst. All the reduction peaks presented were the result of the combination of 

different peaks. In order to analyse the influence of each peak, which correspond to 

different species, in the final reduction profile deconvolution was carried out. Results 

are presented in Table 5.33. 

Table 5.30. TPR peak deconvolution of the gold based photocatalysts 

Catalyst NiO NiO weak 

interaction  

NiO strong 

interaction 

Ni-support 

complex specie 

5Ni/SiO2 653 K-

2.8 % 

707 K-8.6 % 784 K-19.6 % 902 K-69.0 % 

5Ni-

5Au/SiO2 

646 K-

2.6 % 

698 K-8.1 % 804 K-39.0 % 903 K-50.3 % 

The monometallic nickel catalyst presented a Ni-support complex specie as the main 

one (> 68 %) followed by NiO with strong interaction with the support (> 19 %). For the 

bimetallic nickel-gold catalyst, the Ni-support complex specie was the main one too (> 

50 %), however the addition of gold change the interaction of the different species with 

the support and it presented a higher amount of NiO with strong interaction with the 

support (> 39 %).  
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5.4.1.4. XRD of the gold based photocatalysts 

XRD measurements were carried out to determine the main crystalline species in the 

fresh-reduced catalysts. The results are presented in Figure 5.36. Metallic nickel was not 

observed for any of the catalyst, but NiO was. As it can be observed all the gold 

containing catalyst presented several peaks related to metallic gold, being the main one 

located at approximately 37°. The hump observed at approximately 20° is attributed to 

the amorphous silica support [130]. 

 

Figure 5.47. XRD profiles of the gold based photocatalysts 

Scherrer equation was applied to the most intense gold peak obtained by XRD for each 

catalyst in order to calculate the average crystallite size. These results can be observed 

in Table 5.34. Both catalysts presented small gold crystallite size, being it smaller for the 

bimetallic nickel-gold catalyst.  
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Table 5.31. Average gold crystallite size of the gold based photocatalysts 

Catalyst Average gold crystallite size (nm) 

5Au/SiO2 25 

5Ni-5Au/SiO2 18 

5.4.1.5. CO2-TPD of the gold based photocatalysts 

The basicity of the gold based photocatalysts was measured by CO2-TPD. The results 

obtained are presented in Figure 5.37. 

 

Figure 5.48.CO2-TPD profiles of the gold based photocatalysts 

As it can be seen, the monometallic nickel catalyst presented two desorption peaks, one 

located at approximately 573 K and another one located at 1178 K. The first peak can be 

attributed to a medium basic sites and the second one to strong basic sites [49]. Both 
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the monometallic gold and bimetallic nickel-gold catalysts only presented the peak 

associated to strong basic sites at approximately 1178 K. For the monometallic nickel 

and the bimetallic nickel-gold catalysts a small peak was observed at approximately 373 

K but can be related to water desorption. 

5.4.1.6. TEM of the gold based photocatalysts 

Information about the structure of the gold photocatalysts and the metal-support 

interactions was gained taking micrographs by TEM technique. The results obtained are 

presented in Figure 5.38. 

a) 5Ni/SiO2 

 

b) 5Au/SiO2 
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c) 5Ni-5Au/SiO2 

 

Figure 5.49. TEM micrographs of the gold based photocatalysts 

All the catalysts presented a homogeneous particle distribution, with small particles of 

approximately 5 nm well dispersed on the support. The difference between the particle 

size measured by TEM and the average crystallite size calculated by XRD can be 

attributed to the small size of the particles, being close to the detection limit of the XRD 

so only the bigger ones were taken into account by this technique, thus, giving as a result 

a higher average crystallite size. This could also explain why metallic nickel was not 

detected by XRD, due to the small particle size below the detection limit of the 

technique. 

5.4.1.7. XPS of the gold based photocatalysts 

Fresh-reduced catalysts were analysed by XPS to detect metallic species on the surface 

of the catalyst. For the monometallic nickel catalyst, two nickel species were detected: 

metallic nickel (Ni0) and NiO (Ni2+). For the metallic nickel, the main peak for the Ni2p3/2 

core level and the satellite peak were detected at a binding energy of 853.8 eV and 860.9 

eV respectively. The peaks corresponding to Ni2+ were measured at a binding energy of 

856.7 eV for the main peak and 863.6 eV for the satellite peak. Regarding the Ni2p1/2 

core level, metallic nickel was measured at a binding energy of 871.1 eV for the main 
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peak and 879.4 eV for the satellite peak. Main Ni2+ peak for this core level was measured 

at a binding energy of 874.8 eV, while the satellite peak was detected at a binding energy 

of 881.7 eV. 

The monometallic gold catalyst presented metallic gold (Au0) at two different core 

levels: Au4f7/2 and Au4f5/2. For the Au4f7/2core level, the peak was detected at a binding 

energy of 84.2 eV and for the Au4f5/2core level at 88.0 eV. The spin energy separation 

between both core levels of approximately 3.8 eV confirmed the identification of the 

specie as metallic gold [131]. 

Regarding to the bimetallic catalyst, both nickel and gold contributions must be 

analysed. Two species, Ni0 and Ni2+ were detected for this catalyst, at two different core 

levels. For Ni2p3/2 core level metallic nickel was detected at 853.6 eV (main) and 860.1 

eV (satellite) binding energies, while Ni2+ peaks were observed at 856.4 eV (main) and 

862.6 eV (satellite) binding energies. The metallic nickel peaks for the Ni2p1/2 core level 

were measured at a binding energy of 871.1 eV, the main peak, and 878.4 eV for the 

satellite peak. Ni2+ at this core level presented the main peak at a binding energy of 874.4 

eV and the satellite peak at a binding energy of 881.0 eV. Two different gold species 

were detected for this catalyst, metallic gold and cationic gold (Au3+). The metallic gold 

was detected at a binding energy of 84.3 eV for the Au4f7/2 core level, while the Au3+ 

was measured at a binding energy 86.3 eV for this core level. Regarding to the Au4f5/2 

core level, Au0 was detected at a binding energy 88.1 eV and the Au3+ at a binding energy 

of 90.0 eV. The difference on the binding energies between the metallic gold and the 

specie that was measured at higher binding energies, 2.0 eV, confirms the identification 

of the latter as Au3+ [132]. 

Comparing the monometallic nickel catalyst with the bimetallic one, a shift to lower 

binding energies can be appreciated for the bimetallic catalyst which can be attributable 

to a highest electron density [133] in the latter sample, as a result of the interaction 

between nickel and gold. When comparing this bimetallic catalyst with the 

monometallic gold catalyst, a small binding energies shift (0.1 eV) towards higher 

binding energies was detected, being indicative of surface alloy formation [134]. This 
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shift in the binding energies, together with the presence of the Au3+ and the change in 

the electron density of the nickel suggest an interaction between Ni and Au. 

A summary of the nickel XPS spectra is presented in Table 5.35 while the gold XPS 

spectra is presented in Table 5.36. 

Table 5.32. Ni binding energies (eV) XPS of the gold based photocatalysts 

Catalyst Ni0 

(Ni2p3/2) 

Ni0 

satellite 

(Ni2p3/2) 

Ni0 

(Ni2p1/2) 

Ni0 

satellite 

(Ni2p1/2) 

Ni2+ 

(Ni2p3/2) 

Ni2+ 

satellite 

(Ni2p3/2) 

Ni2+ 

(Ni2p1/2) 

Ni2+ 

satellite 

(Ni2p1/2) 

5Ni/SiO2 853.8 860.9 871.1 879.4 856.7 863.6 874.8 881.7 

5Ni-

5Au/SiO2 

853.6 860.1 871.1 878.4 856.4 862.6 874.4 881.0 

Table 5.33. Au binding energies (eV) XPS of the gold based photocatalysts 

Catalyst Au0 

(Au4f7/2) 

Au0 

(Au4f5/2) 

Au3+ 

(Au4f7/2) 

Au3+ 

(Au4f5/2) 

5Au/SiO2 84.2 88.0 - - 

5Ni-

5Au/SiO2 

84.3 88.1 86.3 90.0 

The measured profiles can be observed in Figure 5.39 and Figure 5.40 for the Ni and Au 

spectra respectively. 
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Figure 5.50. Ni XPS spectra of the gold based photocatalysts 

 

Figure 5.51. Au XPS spectra of the gold based photocatalysts 
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As it has been explained, for all the catalysts containing nickel two different species were 

detected, metallic nickel (Ni0) and Ni2+. The amount of these species was quantified and 

presented in Table 5.37. 

Table 5.34. Ni species distribution XPS of the gold based photocatalysts 

Catalyst Ni0 

(%) 

Ni2+ 

(%) 

5Ni/SiO2 39.0 61.0 

5Ni-

5Au/SiO2 

38.5 61.5 

As it can be seen, both for the monometallic and the bimetallic catalyst, Ni2+ was the 

main specie, accounting for approximately 2/3 of the total nickel measured by XPS. 

Same measurements were carried out for the catalysts containing gold, being the results 

present in Table 5.38. For the monometallic gold catalyst only the metallic gold (Au0) 

was measured, as it has been explained previously, while for the bimetallic catalyst 90 

% of the measured gold was metallic gold with a 10 % corresponding to Au3+. 

Table 5.35. Au species distribution XPS of the gold based photocatalysts 

Catalyst Au0 

(%) 

Au3+ 

(%) 

5Au/SiO2 100.0  

5Ni-

5Au/SiO2 

90.0 10.0 
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Further information about the catalysts was obtained comparing the metal/support 

atomic ratios with the ones measured by ICP-OES. These results are presented in Table 

5.39. 

Table 5.36. Metal/support atomic ratios of the gold based photocatalysts 

Catalyst Ni/Si (at %) 

XPS 

Ni/Si (at %) ICP-

OES 

Au/Si (at %) 

XPS 

Au/Si (at %) ICP-

OES 

5Ni/SiO2 0.02 0.10 - - 

5Au/SiO2 - - 0.002 0.10 

5Ni-

5Au/SiO2 

0.03 0.14 0.003 0.13 

It can be observed that in all the cases the ratios measured by ICP-OES were higher than 

those measured by XPS, thus, for all the catalysts most of the metal was located in the 

bulk of the catalyst instead of on the outer surface. As the support employed, SiO2 

prepared by FSP, was non-porous the difference in the surface atomic ratios measured 

by XPS and the bulk atomic ratios measured by ICP-OES cannot be attributed to the 

metal being located mainly in the pores of the support. For these catalysts the difference 

in the values of the atomic ratios can be attributed to phase segregation, a phenomena 

observed in catalysts prepared over FSP supports as it has been previously reported 

[135]. 

5.4.1.8. UV-Vis of the gold based photocatalysts 

As these catalysts were to be tested in photocatalytic methanation their plasmonic 

properties were measured by UV-Vis. The results obtained are presented in Figure 5.41. 
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Figure 5.52. UV-Vis profiles of the gold based photocatalysts 

No distinct absorption peak was observed for the monometallic nickel catalyst, probably 

due to the fact that Ni deposits absorb in the visible region where the absorption is 

broad [136,137]. The monometallic catalyst containing gold presented the maximum 

absorbance at about 520 nm, corresponding to the localised surface plasmon resonance 

(LSPR) of Au nanoparticles (NPs) which is usually located at 520-530 nm for particles with 

sizes between 5-50 nm [75]. The bimetallic Ni-Au/SiO2 catalyst presented the maximum 

absorbance at approximately 500 nm, which is in agreement with the behaviour 

previously reported in the literature [138]. 

5.4.1.9. Activity tests of the gold based photocatalysts 

For all the catalysts discussed previously, the ones tested in the fixed bed reactors, 

selectivity was 100 % towards methane. This means that methanation was the only 

reaction taking part and, as the molar ratio CO2:CH4 in the methanation reaction is 1, 

with a 100 % selectivity CH4 yield should be equal (with an allowable error of ± 15 %, due 

to the possibility of carbon being deposited on the surface of the catalyst) to CO2 
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conversion. Thus, CH4 yield was employed as the main parameter to compare the 

activity of the catalysts. However, for gold photocatalysts not only CH4 but also CO was 

produced during the activity tests. Hence, two parameters are needed to properly 

compare the behaviour of the different gold photocatalysts: CO2 conversion and CH4 

selectivity. The results obtained for CO2 conversion are presented in Figure 5.42. 

 

Figure 5.53. Activity results of the gold based photocatalysts I: conversion 

The monometallic nickel catalyst did not present any CO2 conversion at the lower 

temperatures tested. At temperatures above 523 K it presented an increasing CO2 

conversion while the temperature was increased. For all the temperatures tested, CO2 

conversion increased under light illumination; however this increase was low and cannot 

be attributed to the light illumination but to the experimental error margin between 

different activity tests. The monometallic gold catalyst presented CO2 conversion at 

temperatures above 523 K, however the values obtained were lower than 5 % so it could 

not be dissociated form the intrinsic error associated to any measurement. Under light 

illumination it presented a noticeable CO2 conversion at temperatures above 623 K, it 
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higher being while temperature was also higher. The bimetallic catalyst also presented 

an increasing CO2 conversion for temperatures above 523 K under dark conditions. The 

same trend was observed under light illumination, with the values obtained being higher 

at all the temperatures tested. All the catalysts were far from the values predicted by 

the thermodynamic equilibrium. 

For all the catalysts CO was also produced together with CH4. The results obtained for 

CH4 selectivity are presented in Figure 5.43. 

 

Figure 5.54. Activity results of the gold based photocatalysts II: selectivity 

For the monometallic nickel catalyst there was a slight increase in the selectivity under 

light illumination at all the temperatures tested, but this increase was lower than 10 % 

so the selectivity can be considered approximately constant. The monometallic gold 

catalyst presented a substantial increase in the methane selectivity when comparing 

light illumination with dark conditions. However, the low values of the conversion 

measured under dark conditions, that could be considered null, make the values of the 

selectivity measured under dark conditions not appropriated for any comparison. As it 
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has been discussed for the monometallic nickel catalyst, selectivity towards methane 

also remained approximately constant for the monometallic gold catalyst under light 

illumination. The bimetallic nickel-gold catalyst presented a slight decrease of the 

methane selectivity when illuminated, but this decrease was not high enough to be 

considered and the selectivity can be considered constant. Summarising, selectivity 

remained approximately constant for all the catalyst no matter the operating conditions, 

as light illumination did not have any effect and neither had the operating temperature. 

Even though selectivity was not affected by the illumination, for the catalysts containing 

gold an increase in the conversion was measured under light illumination. At the highest 

temperature tested, the conversion for the 5Au/SiO2 was enhanced from 3.5 % under 

dark conditions to 19.3 % under light illumination. For the bimetallic nickel gold catalyst 

the measured improvement was from 19.3 % to 34.3 %. It is clear that light had a 

beneficial effect in the activity of these catalysts; however they were outperformed by 

the monometallic nickel, non-photo, catalyst. This finding suggest that although 

plasmonic effect can enhance the activity of a catalyst for carbon dioxide methanation 

reaction, other physicochemical parameters play a more important role in this reaction. 

In order to explain why the activity of the monometallic nickel catalyst, a catalyst 

without any plasmonic properties that was synthesised as a reference, was higher than 

the one obtained by the catalysts that presented an increase in their performance due 

to light illumination, it is necessary to take into account the results obtained for all of 

them with the different characterisation techniques. 

The measurements of the reducibility proved the addition of gold improved the 

reducibility of the catalyst. However, due to the high temperature employed for the 

prereduction of the catalyst (973 K) metallic nickel was obtained both for the 

monometallic nickel and the bimetallic nickel-gold catalyst, thus, for both catalysts the 

presence of active sites was ensured after the prereduction. 
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Results obtained by XRD proved the full reduction of gold. Regarding to the average gold 

crystallite size it was approximately the same (20 nm) for both monometallic gold and 

bimetallic nickel-gold catalysts. 

The basicity measured by CO2-TPD was useful to identify differences in the 

physicochemical properties of the gold photocalysts, leading to the different catalytic 

activity observed for them. While all the catalysts presented a desorption peak at 

approximately 1178 K, this could be related to strong basic sites not taking part in the 

reaction as it was performed at lower temperatures. However, the monometallic nickel 

catalyst also presented a peak at about 573 K, attributed to weak-medium basic sites 

that were able to take part in the reaction as it was performed in a range of 

temperatures of 423-723 K. These basic sites could adsorb the carbon dioxide enhancing 

the conversion obtained for the methanation reaction. 

The structural pictures obtained by TEM demonstrated the presence of NPs smaller than 

5 nm. These particles were well dispersed for all the catalysts, being for the 

monometallic nickel catalyst an important characteristic that influenced the final 

catalytic activity. Even if the gold particles were also well dispersed, this had no influence 

on the activity of the monometallic gold catalyst as gold it is known for being an inactive 

metal for carbon dioxide methanation [56]. For the bimetallic nickel-gold catalyst the 

particles were well dispersed, but instead of distinguishing between nickel and gold 

particles, a Ni-Au alloy was formed. This new structure resulted in a decrease of the 

catalytic activity, when compared to bare nickel, due to the ineffectiveness of gold 

towards carbon dioxide methanation. 

The results obtained by XPS demonstrated the presence metallic nickel, in the 

monometallic nickel and the bimetallic catalyst, and metallic gold for the gold containing 

catalysts. Also small amount of non-metallic nickel was detected for the nickel 

containing catalysts. For the bimetallic catalyst, when comparing with the results 

obtained for the monometallic catalysts, an interaction between nickel and gold could 

be observed. These results are in agreement with the ones obtained by TPR, where an 

improvement in the reducibility of the bimetallic catalyst was observed due to the 
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presence of gold. The results obtained by XPS also served to further prove the presence 

of metallic nickel, even if not detected by XRD, in the catalysts. This technique also 

supported the results obtained by TEM, demonstrating the formation of a Ni-Au alloy 

for the bimetallic catalyst. 

Due to the catalysts being tested under light conditions, the results obtained by UV-Vis 

are of great importance to understand the behaviour of the catalysts under light 

illumination. No distinct peak was observed for the monometallic nickel catalyst, as it 

has been explained due to the broad absorption in the visible region. According to the 

results, obtained in the activity tests, this broad absorption does not promote carbon 

dioxide reduction.The monometallic nickel catalyst did not present any absorbance 

peak, thus, light illumination did not have any effect on the performance of this catalyst. 

For the monometallic gold catalyst an absorbance peak was observed at a wavelength 

of approximately 520 nm, which was the main wavelength employed for light 

illumination during the activity tests. These results explained the high increase in the 

conversion for the monometallic gold catalyst under light illumination, as it was able to 

absorb the incident light and this had a positive effect in the catalytic activity. Finally, 

the bimetallic nickel-gold catalyst also presented an absorbance peak. In this case it was 

not located at 520 nm but shifted to a slightly lower wavelength due to the fact that the 

metallic particles present in the catalyst were, as it has been previously explained, a Ni-

Au alloy. However, this catalyst still presented absorbance at a wavelength close to 520 

nm so it was able to absorb the incident light, which had a positive effect in this catalyst 

increasing its catalytic activity, when compared with the performance of the same 

catalyst under dark conditions. 

5.4.2. Silver based photocatalysts 

Different catalysts containing silver were prepared to be tested in photocatalytic 

reactors, all of them with nickel as main active metal and using FSP SiO2 as catalytic 

support. Two different monometallic catalysts were also prepared to analyse the effect 

of the interaction between nickel and silver: 5Ni/SiO2 and 1Ag/SiO2. The bimetallic 

catalysts are listed below: 5Ni-1Ag/SiO2 coimpregnation (CI), 5Ni-1Ag/SiO2 sequential 
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impregnation (SI), 1Ag-5Ni/SiO2 SI. The differences between the synthesis methods 

were further explained in Chapter IV of the present PhD thesis. The digit in the naming 

of the catalysts is a reference to the theoretical metal loading (wt %), with the real metal 

loading calculated by ICP-OES and given in the next section. 

5.4.2.1. Chemical composition of the silver based photocatalysts 

The real metal loading, calculated by ICP-OES is presented in Table 5.40. As it can be 

seen, in most of the cases nickel and silver loading were lower than expected. 

Table 5.37. ICP-OES of the silver photocatalysts 

Catalyst Ni (wt %) Ag (wt %) 

5Ni/SiO2 4.0 - 

1Ag/SiO2 - 0.9 

5Ni-1Ag/SiO2 CI 3.9 0.9 

5Ni-1Ag/SiO2 SI 4.0 0.6 

1Ag-5Ni/SiO2 SI 4.7 1.0 

5.4.2.2. Structural properties of the silver based photocatalysts 

Taking into account that the support employed for silver photocatalysts was FSP 

prepared SiO2, which was also employed for gold photocatalysts, the only property 

measured by N2 adsorption-desorption isotherms for these catalysts was also the BET 

surface area. Other properties, like pore volume or average pore size, are not applicable 

for these catalysts due to the absence of pores in the employed supports. Results 

obtained are presented in Table 5.41. Differences could be observed in all the catalysts; 
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however these differences were approximately ±15 %, so they were not large enough 

to be significant. According to the results obtained all the catalysts presented high 

surface area of approximately 250-300 m2/g. 

Table 5.38. Structural properties of the silver based photocatalysts 

Catalyst BET surface area (m2/g) 

SiO2 309 

5Ni/SiO2 302 

1Ag/SiO2 357 

5Ni-1Ag/SiO2 CI 246 

5Ni-1Ag/SiO2 SI 250 

1Ag-5Ni/SiO2 SI 313 

5.4.2.3. TPR of the silver based photocatalysts 

The reducibility of the catalysts and the present reducible species were measured by 

TPR. The reduction profiles obtained are presented in Figure 5.44. 
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Figure 5.55.TPR profiles of the silver based photocatalysts 

As it can be seen in the figure all the nickel containing catalysts presented a main 

reduction peak at temperatures between 500-600 K. No reduction peak was observed 

for the monometallic silver catalyst. However, the catalyst containing both nickel and 

silver presented a shift in their main peak to lower temperatures, due to the influence 

of silver [139]. The influence of adding silver, for catalysts with the same loading, was as 

follows: 5Ni-1Ag/SiO2 CI > 5Ni-1Ag/SiO2 SI > 1Ag-5Ni/SiO2 SI. Thus, coimpregnation 

method resulted in a stronger Ni-Ag interaction. For the sequential impregnation 

method, being silver the metal impregnated in the first place also resulted in a stronger 

Ni-Ag interaction when compared with carrying out the impregnation of nickel in the 

first place.  

The reduction profiles observed are the result of the combination of different reduction 

peaks attributable to different species. These main reduction peaks were deconvoluted 

so as to determine the contribution of each specie to the final reduction peak. The 

results obtained are presented in Table 5.42. 
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Table 5.39. TPR peak deconvolution of the silver based photocatalysts 

Catalyst NiO weak interaction  NiO strong interaction 

5Ni/SiO2 602 K-77.9 % 704 K-22.1 % 

5Ni-1Ag/SiO2 CI 580 K-86.4 % 658 K-13.6 % 

5Ni-1Ag/SiO2 SI 595 K-90.7 % 719 K-9.3 % 

1Ag-5Ni/SiO2 SI 608 K-97.0 % 711 K-3.0 % 

As it can be observed, all the catalysts presented two nickel species: NiO weakly 

interacting with the support and NiO strongly interacting with the support, being in all 

the cases the specie with a weak interaction with the support the most abundant one.  

The addition of silver and the use of different synthesis methods not only altered the 

temperatures of the reduction peaks but also the amount of each of the measured NiO 

species. Addition of 1 wt % Ag resulted in an increase of the NiO specie with weak 

interaction with the support for all the bimetallic catalysts, when compared with the 

monometallic one, being the largest increase observed for the 1Ag-5Ni/SiO2 SI catalyst. 

When CI was impregnated as the synthesis method the influence of the silver loading in 

the reduction temperature was stronger than if prepared by SI, however the effect on 

the amount of the different species was slightly lower than for the catalyst prepared by 

SI.  
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5.4.2.4. XRD of the silver based photocatalysts 

The reduced crystalline species present in the catalyst where determined by XRD. 

Results are presented in Figure 5.45. 

 

Figure 5.56. XRD profiles of the silver based photocatalysts 

For the monometallic nickel catalyst two different nickel species were measured, 

metallic nickel (Ni) at a 2θ of approximately 44.6° [140,141] while NiO was also 

measured at 2θ 43 and 63 [140–143]. No diffraction peaks were observed for the 

monometallic silver catalyst, probably due to the fact of the silver particles being so 

small that they were below the detection limit of the technique, of approximately 3 nm 

[144]. All the bimetallic nickel-silver catalysts presented the same crystalline species: 

metallic silver (Ag), with a diffraction peak located at 2θ of approximately 38, 

overlapping Ni-Ag located at 2θ of approximately 44 and 76 [145] that can be attributed 

to Ni-Ag in mixed state [146] or core-shell structure [147,148] and a diffraction peak 

located at 2θ 51.7° that can be attributed to the Ni-Ag nanoalloy [146].  
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5.4.2.5. CO2-TPD of the silver based photocatalysts 

Basic properties of the silver photocatalysts were measured by CO2-TPD. The obtained 

desorption profiles are presented in Figure 5.45. 

 

Figure 5.57. CO2-TPD profiles of the silver based photocatalysts 

As it can be seen, all the catalyst presented a similar desorption profile with a main peak 

located at temperatures above 800 K. Regarding to the intensity of the peak, the 

monometallic nickel catalyst presented the most intense peak among all the compared 

catalysts. The peak for the 1Ag/SiO2 catalyst was shifted to lower temperature, when 

compared with the monometallic nickel catalyst, and it was also less intense. The basic 

character of the monometallic catalysts is useful to understand the behaviour of the 

bimetallic catalysts. For the CI catalyst the intensity of the peak was lower than for the 

monometallic one, due to the effect of the addition of silver. The same behaviour was 

observed for the SI catalyst. However, for the 1Ag-5Ni/SiO2 catalyst this shift was not 

observed, due to the fact that nickel was impregnated in the first place.  
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5.4.2.6. TEM of the silver based photocatalysts 

Information about the structure of the silver based photocatalysts was gained by TEM 

micrographs. The micrographs taken together with the calculated particle size 

distribution, with a minimum count of 200 particles, are presented inFigure 5.47. 

a) 5Ni/SiO2

 

 

 

b) 1Ag/SiO2
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c) 5Ni-1Ag/SiO2 CI

 

 

 

d) 5Ni-1Ag/SiO2 SI 

 

 

 

e) 1Ag-5Ni/SiO2 SI 

 

 

 

Figure 5.58. TEM micrographs and particle size distribution of silver based photocatalysts 
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For the monometallic nickel catalyst, an average particle size of 6.4 ± 0.2 nm. The 

1Ag/SiO2 catalyst presented an average particle size of 3.2 ± 0.1 nm. For the bimetallic 

catalyst synthesized by CI an average particle size of 10.2 ± 0.4 nm was measured. 

Regarding to the bimetallic catalysts synthesized by SI, the 5Ni-1Ag/SiO2 presented an 

average particle size of 6.8 ± 0.2 nm, while these particles were bigger when nickel was 

impregnated during the first step of the SI procedure; 1Ag-5Ni/SiO2 SI catalyst, 

presented an average particle size of 8.6 ± 0.2 nm. 

Further information about the structure of the catalysts was obtained by performing 

energy-dispersive x-ray spectroscopy (EDX) elemental mapping to the samples 

characterized by high-resolution (HR) TEM. These measurements were only carried out 

for the bimetallic catalysts, in order to determine the possible structures formed by the 

nickel and the silver. Results are presented in Figure 6. For the catalysts prepared by CI, 

nickel and silver particles could be easily distinguished, in the form of linked 

nanoparticles or subcluster. However, some particles in the form of Ni-Ag mixed alloy 

were also observed. The 5Ni-1Ag/SiO2 SI catalyst presented both some silver particles 

without any interaction with the nickel particles and Ni-Ag mixed alloy. When nickel was 

impregnated in the first step of the SI procedure, both Ni-Ag mixed alloy and Ni-Ag 

cluster, with different silver particles in contact with a unique nickel particle were 

detected [149]. 

a) 5Ni-1Ag/SiO2 SI
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b) 5Ni-1Ag/SiO2 CI 

 

c) 1Ag-5Ni/SiO2 SI 

 

Figure 5.59. EDX pictures of the silver based photocatalysts 

5.4.2.7. XPS of the silver based photocatalysts 

The species present on the surface of the silver photocatalysts were measured by XPS. 

For the catalysts containing nickel, two different species were detected: metallic Ni (Ni0) 

and Ni2+, being this last one the main specie. Both species were detected only at one 

core level, the Ni2p3/2. The monometallic nickel catalyst presented the main peak for 

metallic nickel at a binding energy of 854.1 eV and the satellite peak at 861.7 eV, while 

the peaks corresponding to Ni2+were measured at a binding energy of 857.1 eV (main) 
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and 864.5 eV (satellite). Metallic nickel was measured at a binding energy of 853.8 eV 

(main) and 860.8 eV (satellite) for the bimetallic nickel-silver catalyst synthesised by 

coimpregnation, and the peaks corresponding to Ni2+ were measured at 856.7 eV (main) 

and 863.0 eV (satellite). When the catalyst was prepared by sequential impregnation, 

the main peaks corresponding to Ni0 and Ni2+ were measured at a binding energy of 

853.2 eV and 856.5 eV respectively, with the satellite peaks located at a binding energy 

of 860.4 eV and 863.0 eV. The 1Ag-5Ni/SiO2 SI presented a slight shift in the peaks when 

compared with the catalyst synthesised also by SI, being the main peak corresponding 

to Ni0 measured at 853.5 eV and the satellite peak at 860.2 eV. The peaks attributed to 

Ni2+ were measured at a binding energy of 856.3 eV, the main one, and 862.7 eV the 

satellite peak. For a better understanding of the results obtained by XPS for the Ni 

spectra, all the binding energies measured are presented in Table 5.43. 

Table 5.40. Ni binding energies (eV) of the silver based photocatalysts 

Catalyst Ni0 

(Ni2p3/2) 

Ni0 satellite 

(Ni2p3/2) 

Ni2+ 

(Ni2p3/2) 

Ni2+ satellite 

(Ni2p3/2) 

5Ni/SiO2 854.1 861.7 857.1 864.5 

5Ni-1Ag/SiO2 

CI 

853.8 860.8 856.7 863.0 

5Ni-1Ag/SiO2 

SI 

853.2 860.4 856.5 863.0 

1Ag-5Ni/SiO2 

SI 

853.5 860.2 856.3 862.7 

The measured XPS spectra profile is presented in Figure 5.46. 
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Figure 5.60. Ni XPS spectra of the silver based photocatalysts 

For all the catalysts containing silver, it was measured as metallic silver (Ag0) at two 

different core levels: Ag3d5/2 and Ag3d3/2. The monometallic silver catalyst presented 

the peak corresponding to the Ag3d5/2 core level was measured at a binding energy of 

368.7 eV and the one corresponding to the Ag3d3/2 core level at a binding energy of 

374.7 eV. For the bimetallic nickel-silver catalyst prepared by coimpregnation the peaks 

were measured at a binding energy of 368.6 eV and 374.5 eV for the Ag3d5/2 and Ag3d3/2 

core level, respectively. When the catalyst was prepared by sequential impregnation, 

the peak at the Ag3d5/2 core level was measured at a binding energy of 368.4 eV and the 

peak corresponding to the Ag3d3/2 core level at 374.5 eV. Finally, for the 1Ag-5Ni/SiO2 

catalyst the peak corresponding to the Ag3d5/2 core level was measured at a binding 

energy of 368.4 eV and the one attributed to the Ag3d3/2 core level at a binding energy 

of 374.5 eV. For a better understanding of the results obtained by XPS for the Ag spectra, 

all the binding energies measured are presented in Table 5.44.  
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Table 5.41. Ag binding energies (eV) of the silver based photocatalysts 

Catalyst Ag0 (Ag3d5/2) Ag0 (Ag3d3/2) 

5Ag/SiO2 368.7 374.7 

5Ni-1Ag/SiO2 CI 368.6 374.5 

5Ni-1Ag/SiO2 SI 368.4 374.5 

1Ag-5Ni/SiO2 SI 368.4 374.5 

The measured profiles are presented in Figure 5.47. 

 

Figure 5.61. Ag XPS spectra of the silver based photocatalysts 
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As it has been explained, two different nickel species were measured for all the nickel 

containing catalysts. The relative amount of each of the species was quantified and 

presented in Table 5.45. 

Table 5.42. Ni species distribution XPS of the silver based photocatalysts 

Catalyst Ni0 (%) Ni2+ (%) 

5Ni/SiO2 35.6 64.4 

5Ni-1Ag/SiO2 CI 46.1 53.9 

5Ni-1Ag/SiO2 SI 31.9 68.1 

1Ag-5Ni/SiO2 SI 21.3 78.7 

Ni2+ was the main nickel specie detected by XPS for all the silver photocatalysts. 

However, a different distribution was present by each of the catalyst analysed. Using 

the monometallic nickel catalyst as reference, when silver was added and the catalyst 

was prepared by coimpregnation the amount of Ni2+ was reduced and the ratio between 

the two nickel species on the surface of the catalyst was almost equal to 1. Synthesising 

the catalyst by SI reduced the amount of metallic nickel on the surface while the amount 

of Ni2+ was increased. If silver was impregnated first, differences between this catalyst 

and the monometallic nickel one were not highly remarkable. However, when the 

impregnation of nickel was carried out in the first place, the amount of Ni0 was highly 

reduced. 

More information could be gained by XPS, comparing the metal/support atomic ratios 

measured by this technique with the same atomic ratios calculated with the results 

obtained by ICP-OES. The results obtained are presented in Table 5.46.  
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Table 5.43. Metal/support atomic ratios of the silver based photocatalysts 

Catalyst Ni/Si (at %) 

XPS 

Ni/Si (at %) ICP-

OES 

Ag/Si (at %) 

XPS 

Ag/Si (at %) ICP-

OES 

5Ni/SiO2 0.014 0.09 - - 

5Ag/SiO2 - - 0.010 0.02 

5Ni-1Ag/SiO2 

CI 

0.012 0.09 0.004 0.02 

5Ni-1Ag/SiO2 

SI 

0.014 0.09 0.003 0.01 

1Ag-5Ni/SiO2 

SI 

0.019 0.012 0.003 0.02 

All the catalysts presented, either for Ni and/or Ag, a metal/support atomic ratio higher 

when measured by ICP-OES than when measured by XPS. This feature of the catalysts, 

even though employing a non-porous support can be explained the same way it was 

previously done for the gold photocatalysts: attributing the differences in the XPS and 

ICP-OES atomic ratios to phase segregation. 

5.4.2.8. UV-Vis of the silver based photocatalysts 

The plasmonic properties of the silver based photocalysts were measured by UV-Vis. The 

obtained results are presented in Figure 5.49.  
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Figure 5.62. UV-Vis profiles of the silver based photocatalysts 

As it has been previously explained for the gold based photocatalyst, nickel presents 

broad light absorption in the visible region. Due to the broadness of the absorption, no 

distint peak was observed by UV-Vis for the monometallic nickel catalyst. For the 

monometallic silver catalyst an absorption peak was observed in a wavelength ranging 

from 350 nm to 500 nm, with a maximum at 424 nm that can be attributed to the 

presence of spherical silver nanoparticles [150]. The same absorption peak was 

observed for all the bimetallic catalysts. For all these catalysts a broadening of the 

absorption peak and a shift of the maximum to higher wavelengths was observed, being 

these characteristic features of larger particles [151] or due to the chemical interaction 

between Ni and Ag [139]. 

5.4.2.9. Activity tests with silver based photocatalysts 

As it has been previously commented for the gold based photocatalysts, due to the fact 

that not only CH4 but also CO was produced during the activity tests with the silver based 

photocatalysts. Thus, instead of comparing the performance of the catalysts in terms of 

CH4 yield they will be compared using CO2 conversion and selectivity to CH4 as the 
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parameters to rate the performance of the different silver based photocatalysts. 

Moreover, due to the fact that the most interesting parameter to be analysed is the 

behaviour of the catalysts when illuminated with light of the proper wavelength, firstly 

the results of the catalysts will be commented individually before comparing all of them. 

The monometallic nickel catalyst was tested both under dark conditions and laser light 

illumination as a reference to study the activity of the bimetallic catalysts with LSPR 

properties. Under dark conditions a maximum value of CO2 conversion of 31% was 

achieved at the highest temperature tested, 723 K, with a CH4 selectivity of 66%, being 

CH4 the main product of the reduction of the CO2. Slight differences were observed 

when laser light illumination at 405 nm was applied to the catalyst, being both the 

conversion and the selectivity lower than the ones obtained under dark conditions. 

However, all the values fitted inside a margin of ±20% so the activity of the catalyst 

under both conditions can be considered approximately the same. Moreover, the 

monometallic nickel catalyst yielded CH4 as the main product under dark conditions or 

under laser light illumination. Results are shown in Figure 5.52. 
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Figure 5.63. 5Ni/SiO2 activity results 

In order to study the influence of silver as a plasmonic metal, the monometallic silver 

catalyst was tested under dark conditions and laser light illumination. No CO2 conversion 

was obtained (< 5%) for this catalyst under dark conditions or laser light illumination at 

405 nm at any of the temperatures tested. Being the conversion considered null, hence 

selectivity cannot be properly discussed. 

As it has been previously explained, the bimetallic catalysts with a nominal content of 5 

wt.% Ni and 1 wt.% Ag were synthesized by two different wetness impregnation 

methods: i) coimpregnation (CI), both metals impregnated in one step and ii) sequential 

impregnation (SI), impregnating the metals in two steps with an intermediate 

calcination step between both impregnations. Moreover, the SI technique was further 

studied with the synthesis of two different catalysts changing the order in which the 

metals were consecutively impregnated. 
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Under dark conditions a maximum of CO2 conversion of 27% was obtained for the 

catalyst prepared by CI at the highest temperature tested. The selectivity of this catalyst 

towards CH4 was approximately 43%, being CO the main product obtained for the 

reduction of CO2. When laser light illumination at 405 nm was employed, the maximum 

CO2 conversion achieved was 23% with the CH4 selectivity being approximately 47%. As 

it can be seen, minimum differences were observed for this catalyst under dark 

conditions or laser light illumination at 405 nm, making us conclude that this catalyst did 

not present any LSPR properties, as its behaviour was the same for any of the reaction 

conditions tested. Results are presented in Figure 5.53. 

 

Figure 5.64. 5Ni-1Ag/SiO2 CI activity results 

The catalytic activity observed under dark conditions for the catalyst prepared by SI was 

lower than the one obtained by the catalyst prepared by CI. The maximum value of CO2 

conversion, achieved at 723 K, for the catalyst prepared by SI was approximately 15%, 

being the selectivity towards CH4 of approximately 44%. However, when laser light 

illumination at 405 nm was employed, the CO2 conversion was greatly increased, being 
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the maximum obtained of approximately 27%. However, this increase in the catalytic 

activity resulted in a decrease in the CH4 selectivity to approximately 38%. The results 

can be observed in Figure 5.54. 

 

Figure 5.65. 5Ni-1Ag/SiO2 SI activity results 

A second catalyst was prepared by SI, being nickel instead of silver the metal 

impregnated in the first step. The maximum CO2 conversion observed for this catalyst 

was approximately 16% at 723 K and the CH4 selectivity of 55% under dark conditions. 

The use of laser light illumination at 450 nm resulted in an increase of the CO2 conversion 

up to 23% while the CH4 selectivity decreased down to 42%. The results are presented 

in Figure 5.55. 

201 

 



Chapter V 

 

Figure 5.66. 1Ag-5Ni/SiO2 SI activity results 

All the catalysts presented the maximum CO2 conversion at the highest temperature 

tested, 723 K. So as to better understand the behaviour of the catalysts, the maximum 

conversion achieved and the CH4 selectivity associated to that maximum are presented 

in Table 5.47, both under dark conditions and laser light illumination at 405 nm. 

Table 5.44. Activity results of the silver based photocatalysts 

Sample CO2 

conversion (%) 

Dark 

conditions 

CO2 conversion 

(%) Laser light 

illumination 405 

nm 

CH4 selectivity 

Dark 

conditions 

CH4 selectivity 

(%) Laser light 

illumination 405 

nm 

5Ni/SiO2 31.3 26.4 66.5 52.0 
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1Ag/SiO2 3.6 3.5 7.1 8.4 

5Ni-

1Ag/SiO2 CI 

26.9 24.1 43.2 46.8 

5Ni-

1Ag/SiO2 SI 

14.7 26.7 44.3 38.3 

1Ag-

5Ni/SiO2 SI 

15.7 22.8 54.8 42.4 

As it can be observed, the maximum CO2 conversion was achieved for the monometallic 

nickel catalyst. Moreover, this catalyst also presented the highest selectivity towards 

CH4 being this the main product of the CO2 reduction under any of the conditions tested. 

The monometallic silver catalyst proved that Ag cannot be considered an active metal 

for CO2 reduction. The use of laser light illumination at 405 nm did not have any 

remarkable effect on the behaviour of the monometallic silver catalyst. The bimetallic 

nickel-silver catalysts synthesized by CI presented a lower value of both CO2 conversion 

and CH4 selectivity than the monometallic nickel catalyst. Therefore, the addition of 

silver resulted in a decrease of the catalytic activity. No effect of light illumination was 

observed for this catalyst. However, a different behaviour was observed when the 

bimetallic catalyst was synthesized by SI. In this case, the addition of silver had a more 

noticeable effect in the form of a larger decrease of the CO2 conversion, whilst the 

selectivity towards CH4 was approximately the same under dark conditions. For this 

catalyst, the use of laser light illumination at 405 nm resulted in a substantial increase 

of CO2 conversion of more than 80%. This increase in the conversion was associated with 

a decrease in the selectivity towards CH4; however this decrease was less remarkable 

being of approximately only 13%. When nickel was impregnated in the first step of the 

SI procedure, no significant changes in the CO2 conversion were observed, however the 

selectivity was favoured towards CH4 (55%). Nevertheless, the effect of laser light 
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illumination for this catalyst was lower than the one obtained when silver was 

impregnated first, being the increase in the CO2 conversion of the 45%. 

The results obtained in the activity tests clearly indicate the presence of the LSPR effect 

in the bimetallic catalysts prepared by SI, being this beneficial for the CO2 reduction 

reaction. However, the addition of Ag results in a catalyst with a lower basicity than the 

monometallic nickel catalyst, thus, a decrease in the catalytic activity. This decreased 

basicity means that the beneficial plasmonic effect is offset.In order to further analyse 

this feature of the catalysts activity tests were carried out using two different laser light 

illumination wavelengths: 520 and 660 nm. The variation in the CO2 conversion for the 

different catalysts at different wavelengths, using dark conditions as reference, is 

presented in Figure 5.56. Due to the null catalytic activity of the monometallic silver 

catalyst; it is not depicted in the figure. 

 

Figure 5.67. CO2 conversion changes at different wavelengths of the silver based photocatalysts 
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As it can be seen, nor the monometallic nickel catalyst neither the bimetallic catalyst 

synthesized by CI presented remarkable changes in their catalytic activity when 

irradiated with laser at different wavelengths. For the monometallic nickel catalyst this 

is the expected behaviour due to the absence of any distinct plasmonic absorption peak 

in the UV-Vis spectra, probably due to the broad absorption of the nickel not being able 

to promote carbon dioxide reduction reaction. For the bimetallic CI catalyst no light 

effect was observed, even though an absorption peak was observed with a maximum 

close to the 405 nm wavelength that was employed to irradiate the sample during the 

activity tests. 

For the catalysts prepared by SI, the use of laser light of any wavelength resulted in an 

increase in the CO2 conversion, when compared with the results obtained for the same 

catalysts under dark conditions. For both catalysts, using 405 nm or 660 nm as the 

irradiation wavelengths resulted in a higher increase in the conversion than the use of 

520 nm. 

The use of laser light illumination resulted in slight changes in the selectivity to CH4 of 

the catalysts. These changes were dependant on the irradiated wavelength. However, 

all the changes fitted inside the ±20% so it cannot be attributed to the light irradiation 

the ability of tuning the selectivity of the catalysts. The variation of the CH4 selectivity 

for the different laser light wavelengths, compared with the tests carried out under dark 

conditions, is presented in Figure 5.57. 
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Figure 5.68. CH4 conversion changes at different wavelengths of the silver based photocatalysts 

According to the results obtained, the monometallic nickel catalyst presented the 

highest catalytic activity under any of the reaction conditions tested.  This catalyst was 

mainly composed by NiO weakly interacting with the support, which could be reduced 

at the temperature employed. The highest activity of this catalyst can be attributed to 

its higher basic character, as observed in the results obtained by CO2-TPD. The higher 

intensity of the peak can be attributed to a higher amount of CO2 being adsorbed, thus, 

available for its reduction with H2 [47]. The main difference between this catalyst and all 

the other catalysts is the presence of a more intense peak at low temperatures (300-500 

K), thus, basic sites that take part in the reaction [49].The results obtained by XRD 

confirmed those obtained by TPR, with the presence of metallic nickel but also NiO due 

to the NiO strongly interacting with the support that could only be reduced at 

temperatures higher than the one employed for the reduction of the catalyst. The 

average size of the particles was measured by TEM and confirmed the presence of small 
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particles (6.4 ± 0.1 nm). The data obtained by XPS also confirmed the existence of both 

NiO (Ni2+) and metallic nickel (Ni0) with the former being the main one present on the 

surface of the catalyst. This can be explained due to the nickel being prone to oxidation 

even at room temperature [152]. Finally, not observing an increase in the activity of this 

catalyst under laser light illumination can be explained with the results obtained by UV-

Vis with the absence of a distinct absorption peak attributable to the broad absorption 

of the nickel in the visible region. 

The monometallic silver catalyst did not present any catalytic activity, due to the fact 

that it did not have the main active metal, nickel. Even though silver can also be 

considered and active metal for CO2 reduction [56] its activity is the lower among all the 

active metals. Moreover this catalyst presented a low content of silver (≤ 1 wt.%). 

However, it needs to be taken into account that the synthesis of this monometallic 

catalyst was performed as a reference to compare the activity of the bimetallic catalysts 

with LSPR property and to further understand their behavior, when it was added as a 

LSPR metal and not the main active metal. No reducible species were detected by TPR. 

The CO2-TPD proved the basic character of the catalyst. Results obtained by TEM 

confirmed the presence of small silver particles (3.2 ± 0.1 nm). The presence of metallic 

silver was confirmed by XPS, being the only silver specie measured on the surface of the 

catalyst. UV-Vis technique was useful to determine the presence of an absorption peak 

with a maximum located at a wavelength of 424 nm that was attributed to silver NPs, 

whose presence was confirmed by TEM. 

The synthesis of the bimetallic nickel-silver catalyst by CI resulted in an increase in the 

amount of NiO weakly interacting with the support and a decrease in the reduction 

temperature, thus, making this catalyst easier to reduce than the monometallic nickel 

catalyst. This catalyst also presented a basic character, as proved by the CO2-TPD 

analysis, however the intensity of the desorption peak was lower than the one 

presented by the monometallic nickel catalyst which can be correlated to the lower 

activity presented by the bimetallic catalyst. The results obtained by XRD confirmed the 

existence Ni-Ag in a mixed state but also the presence of Ni-Ag nanoalloy. A diffraction 
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peak attributed to silver was identified too, although the intensity of this diffraction peak 

was lower than the one presented by the other bimetallic catalysts. The average particle 

size, measured by TEM, was 10.2 ± 0.4 nm. This average particle size was approximately 

the sum of the average size presented by the monometallic nickel and silver catalysts, 

suggesting the presence of linked nanoparticles or subclusters. The larger particle size, 

when comparing to the monometallic nickel catalyst, can also be responsible of the 

lower activity of the bimetallic CI catalyst. The use of EDX confirmed the existence of the 

nanoalloy, however the main structure identified was a Ni-Ag subcluster, confirming the 

assumption made with the data obtained after measuring the average particle size by 

TEM. The XPS measurements proved the existence of metallic nickel, being identified as 

the main specie, in the surface of the catalyst but also Ni2+. All the peaks attributed to 

nickel were shifted to lower binding energies, when compared to the ones measured for 

the monometallic nickel catalyst., that can be attributed to a higher electron density 

[133]. Moreover, the peaks attributed to metallic silver were also shifted to lower 

binding energies, probably due to surface oxidation of this silver or an environment 

change [153], like an increase in the outer electron cloud density [154]. The fact that the 

binding energies of both nickel and silver were shifted to lower values than the ones 

obtained for the respective monometallic catalysts can be attributed to a strong bonding 

formation between Ni-Ag. [155] or interaction between the metals and the support 

[156]. Regarding the plasmonic properties of the catalyst, the addition of silver 

conferred the LSPR property to the catalyst. When comparing the absorption maximum 

to the one presented by the monometallic silver catalyst, the CI catalyst presented a 

shift to higher wavelength as a result of the presence of larger particles [157]. 

The 5Ni-1Ag/SiO2 SI catalyst presented a higher amount of NiO weakly interacting with 

the support than the monometallic nickel catalyst, and with a slightly lower reduction 

temperature. This feature made this catalyst easier to reduce. It presented a similar CO2-

TPD profile than the monometallic catalyst; however it presented a weaker basic 

character. This could be responsible of the lower catalytic activity of the catalyst 

synthesized by SI. The presence of metallic silver, Ni-Ag in mixed state and as alloy was 

confirmed by XRD. According to the results obtained by TEM, this catalyst presented an 
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average particle size of 6.8 ± 0.2 nm. This average particle size was slightly higher than 

the one observed for the monometallic nickel catalyst, suggesting that the silver was 

mixed with the nickel forming a new structure, like an alloy, instead of being only 

connected particles. The results obtained by EDX corroborated the ones obtained by 

XRD, as nickel interacting with silver as alloy and metallic silver were both detected. 

Metallic nickel and Ni2+, the latter being the main one, were detected as the nickel 

species on the surface of the catalyst while silver was detected as metallic silver. Both 

the peaks attributable to nickel and the ones attributed to silver were shifted to lower 

binding energies than the ones detected for the respective monometallic catalysts. The 

shift to lower binding energies is the result, as it has been previously discussed, of a 

change in the electron density due to the strong bonding formation between both 

metals. The results obtained by UV-Vis probed the presence of a strong light absorption 

attributed to the LSPR at a wavelength close to the one observed for the monometallic 

silver catalyst. However, the absorption band for this bimetallic catalyst was broader 

and the maximum was shifted to higher wavelengths (red shift) being both 

characteristics attributed to an increase in the size of the particles, as previously 

discussed, but also to a heterogeneous distribution of size and shape of the particles 

[158]. 

When nickel was impregnated in the first step of the SI procedure, the amount of NiO 

weakly interacting with the support was highly increased up to more than 97 %.. 

However, the reduction temperature of this catalyst was slightly increased, probably 

due to increase in the interaction nickel-support as the result of calcinating the 

impregnated nickel twice [159]. The basic character of the catalyst was confirmed by 

CO2-TPD but as it has been previously stated its strength was lower than the one 

presented by the monometallic nickel catalyst. Different species; metallic silver, Ni-Ag 

mixed state and nanoalloy were detected by XRD. Further characterization by EDX 

proved the presence of Ni-Ag as a cluster and in alloyed form. The average particle size 

measured by TEM was 8.5 ± 0.2 nm. This catalyst presented a higher average particle 

size when comparing with the bimetallic SI catalyst with silver impregnated in the first 

step. This increase in the average particle size suggests the formation of a different 
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structure between Ni-Ag rather than the alloy. The results obtained by EDX proved both 

the presence of alloy and the cluster, being this one the most abundant Ni-Ag structure. 

The main nickel specie detected by XPS was Ni2+, however a small amount of metallic 

nickel was also detected. As it has been previously discussed, nickel is prone to 

oxidation, it is not surprising to find NiO on the surface of the catalyst. However, the 

higher amount for this catalyst when compared to the other bimetallic ones can be 

attributed to the different Ni-support interaction due to the double calcination steps of 

the impregnated nickel. The plasmonic nature of this material was measured by UV-Vis, 

presenting an absorption peak close to the one presented by Ag NPs, with a red shift 

characteristic of larger particles. 

According to all the results obtained and the discussion presented above it can be stated 

which physicochemical properties of the catalysts played an important role both in the 

catalytic activity and the plasmonic properties of the materials. The catalyst that 

presented the highest catalytic activity under dark conditions, 5Ni/SiO2, presented a 

combination of basic sites at low temperature [49], strong basic sites [65] and small 

particle size [41] which are physicochemical properties with a proven ability to enhance 

carbon dioxide reduction process. The absence of light absorption at any wavelength, as 

observed by UV-Vis, meant this catalyst presented the same catalytic activity under dark 

conditions and any of the laser light illumination wavelengths employed. 

The small metallic loading of silver in the monometallic catalyst was responsible for the 

null catalytic activity at any of the conditions tested. Nevertheless, the synthesis of this 

catalyst was helpful to study the plasmonic properties of the bimetallic catalysts. 

For the bimetallic catalysts the synthesis method played an important role in their 

physicochemical properties. When synthesized by CI, the catalyst suffered from an 

increase in the average particle size that together with the decrease in the strength of 

the basic sites hindered its catalytic activity. Although this catalyst presented absorption 

due to the presence of silver NPs, the structure formed with the nickel (mainly cluster) 

did not increase the activity when laser light illumination was irradiated. The 5Ni-

1Ag/SiO2 SI catalyst presented lower catalytic activity under dark conditions due to the 
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weaker basic character and the fact that the particles, even if being of a size 

approximately equal to the one presented by the monometallic nickel catalyst, were a 

mixed Ni-Ag structure (alloy) and not only nickel which is more active for carbon dioxide 

reduction. The presence of Ni-Ag alloy resulted in the plasmonic effect of silver 

increasing the activity of this catalyst when the reaction was carried out under laser light 

illumination of any wavelength. Alternatively, the 1Ag-5Ni/SiO2 SI catalyst presented 

approximately the same behavior that its counterpart synthesized by SI under dark 

conditions. The different Ni-Ag structures formed, not only alloyed but also as cluster, 

resulted in a different behavior under laser light illumination. Even if these conditions 

resulted in an increase in the catalytic activity this enhancement was lower than when 

the silver was impregnated in the first step. 

Summarizing, the addition of Ag by SI promotes the LSPR of the catalysts at expense of 

the activity. Even though this catalyst presents a substantial increase in the carbon 

dioxide conversion when illuminated at different wavelengths, the addition of Ag results 

in a decrease of the basicity, when compared with the monometallic nickel catalyst, that 

hinders the overall activity of this catalyst. Moreover, the LSPR effect results in an 

increase of the CO selectivity in detriment of the production of CH4.  
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Design of an industrial process 

One of the main objectives of any research should be gaining enough knowledge about 

the studied process to be able to develop an industrial process. In this chapter a first 

approach to the design of an industrial plant that integrates both carbon dioxide 

methanation process and water electrolysis, so as to generate the hydrogen needed for 

the methanation step, is proposed. 

6.1. Design of the industrial plant 

Aspen Plus V8.8 (Aspentech) software was employed for the simulation of the process 

and the sizing of the different equipments. 

The industrial plan design should be separated in three different areas: i) water 

electrolysis process, ii) carbon dioxide methanation process and iii) condensation of the 

produced gas stream, with the gas product being injected into the natural gas grid and 

the liquid product, mainly water, being recycled in the electrolysis process. In this later 

step a membrane was added in order to purify the product stream to meet the desired 

composition requirements. The design also should present different heat exchangers in 

order to improve the overall energy efficiency of the process. At the end of this chapter 

a full size design is presented. 

6.1.1. Initial assumptions 

In order to perform the capital costs it is necessary to size the different equipment 

employed. Being a first approach to the design of an industrial plant different 

assumptions are made. 

First of all, the lifetime of the plant was defined as 20 years, however both the catalyst 

and the electrolysis cell stack should be replaced several times during the average 

lifetime of the project [160]. 

One of the first decisions that needs to be made before starting the design of the 

industrial plant is the production volume. In this case, the maximum electricity 

consumption of the designed plant was set to 20 MW based the average power of a 
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wind power plant in Spain [161]. This way, the proposed design would be able to absorb 

the excess of electricity of a wind power plant at maximum load, while not requiring an 

extra electricity input that would result in a higher operating cost. 

Pure carbon dioxide was selected as the feed for the methanation reaction. Other 

components, as H2S, were not taken into account. If needed, a gas conditioning step 

should be performed as this compound would poison the catalyst. The selection of pure 

carbon dioxide as feed results in the most expensive feed case scenario. 

As products, we can take into account four different outlet streams: synthetic natural 

gas that is the main product, oxygen as a byproduct produced during the electrolysis 

step, water as a byproduct of the methanation step that is recycled to the electrolysis 

step and non-reacted hydrogen. The molar flows of the products were calculated by the 

software using a kinetic model obtained from the literature [35] that is in agreement 

with the data obtained in the activity results, previously presented in the Chapter V of 

this PhD thesis, so it can be considered an achievable value of the conversion. A 

summary of the molar flow (kmol/h) of the different streams is presented in Table 6.1. 

Table 6.45. Feed and product streams flows 

Stream Molar flow (kmol/h) 

Feed 

Carbon dioxide 35.5 

Hydrogen 7.75 

Product 

Water 71 
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Synthetic natural gas 34.10 

Oxygen 67.81 

6.1.2. Equipment 

As it has been previously stated the industrial plant can be divided in three different 

sections. 304L stainless steel was selected as the material of construction (MOC) for all 

the equipment, but the heat exchangers, due to the fact that it presents excellent 

stability against all the substances involved in the process at the operating conditions. 

The MOC selected for the heat exchangers was carbon steel, being this the most 

commonly employed material for this type of equipment [162]. 

6.1.2.1. Water electrolysis  

The software employed did not include a model for a water electrolyser. Thus, a reactor 

and a separator were used to simulate a real electrolyser stack. 

To be able to process the water stream, a stack of 14 electrolysers of 1.25 

MW/electrolyser capable of processing 3,150 m3/h are needed. PEM was the technology 

selected for the electrolyser stack, as PEM electrolysers are able to operate at variable 

rates [30] and the electricity obtained from renewable energy sources is variable . The 

cost of this technology is expected to be 576 $/kW by 2020 [163]. 

The mixer needed before the electrolyser stack in order to mix the three different water 

streams: feed water, water recycled from electrolysis and water recycled from 

methanation were automatically sized and thus its cost was automatically calculated. 

6.1.2.2. Carbon dioxide methanation 

The software was not able to automatically size the reactor, thus it was designed using 

a kinetic model, specifically a LHHW rate equation proposed in the literature. 
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r =  
k pH2

0.5 pCO2
0.5  (1−  

pCH4 pH2O
2

pCO2  pH2 Keq
4 )

(1 +  KOH  
pH2O
pH2
0.5 +  KH2  pH2

0.5 +  Kmix  pCO2
0.5 )2

                      Eq. 6.1 

With this equation, the molar flow rate of CO2 fed to the reactor and the maximum 

carbon dioxide conversion achievable at 573 K being set to 0.9798 according to the 

thermodynamic equilibrium, a calculation of the weight of catalyst was made. 

W = 35500�
dX

600.56 (1 − x)
(1 − 0.4x)

1 + 2540 (1 − x)
(1 − 0.4x)

0.9798

0
                        Eq. 6.2 

The result was an amount of catalyst of 332 kg. The carbon dioxide conversion as a 

function of the catalyst weight is presented in Figure 6.1. 
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Figure 6.69. Carbon dioxide conversion as a function of the catalyst weight 

So as to avoid temperature gradients in the reactor due to the high exothermic nature 

of the carbon dioxide reaction, the proposed reactor is formed by a series of tubes that 

are cooled with a thermal fluid. With a fixed length (L) of 2 m, the diameter of the tubes 

was determined taking into account different parameters. First of all, the ratio between 

the internal diameter of the reactor (ID) and de diameter of the catalyst particles (dp) 

should be higher than 10 in order to avoid bypassing near the reactor wall [83]. Taking 

into account that the dp was fixed to an arbitrary value of 0.0054 m, the reactor ID 

should be at least of 0.054 m. For the sake of obtaining a good heat transfer, the ratio 

of the reactor L/ID should be maximized. Knowing the total volume of the catalyst we 

also calculated the number of reactor tubes needed. The proposed reactor 

configurations are presented in Table 6.2.  
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Table 6.46. Proposed reactor configurations 

Length (m) ID (m) (DN) Number of tubes 

2 0.05868 (50) 56 

2 0.07092 (65) 39 

2 0.08679 (80) 26 

2 0.09949 (90) 20 

2 0.11219 (100) 16 

In order to avoid any transfer limitations in the reactor, modified Reynolds number (Eq. 

6.3) was calculated for different reactor internal diameters. This number is defined as: 

𝑅𝑅𝑅𝑅 =
𝑉𝑉 𝜌𝜌 ∅

𝜇𝜇 (1 − 𝜀𝜀)                       𝐸𝐸𝐸𝐸. 6.3 

Being: 

V (m/s): flow velocity. 

ρ (kg/m3): fluid density. 

Ø (m): catalyst diameter. 

μ (Pa.s): dynamic viscosity. 

ε: bed voidage (representative value: 0.45). 
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Mass transfer limitations are avoided with turbulent flow, thus modified Reynolds 

number > 100. These values of Reynolds number are obtained for all the reactor internal 

diameters proposed. 

Pressure drop along the reactor, as a function of the reactor length, was calculated using 

Ergun equation (Eq. 6.4): 

∆𝑃𝑃 =  
150 𝜇𝜇 𝑉𝑉
∅2

 
(1 − 𝜀𝜀)2

𝜀𝜀3
+  

1.75 𝜌𝜌 𝑉𝑉
∅

 
(1 − 𝜀𝜀)
𝜀𝜀3

                      𝐸𝐸𝐸𝐸. 6.4 

Being: 

ΔP (Pa/m): pressure drop as a function of the reactor length. 

While the rest of parameters have been previously defined as part of the Eq. 6.1. The 

calculated pressure drops for the different proposed reactors are presented in Table 6.4. 

 

Table 6.47. Calculated pressure drop for different reactor configurations 

ID (m) (DN) Pressure drop (%) 

0.05868 (50) 2.16 

0.07092 (65) 2.09 

0.08679 (80) 2.09 

0.09949 (90) 2.05 

0.11219 (100) 1.99 
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The reasonable pressure drop should be at least equal to the highest of one of these 

values [164]. 

• 10 % of the inlet pressure. 

• 35 cm of height of a column of water (0.0035 bar). 

• 100 times the pressure drop through the empty reactor. 

The highest allowable pressure drop was defined as 10 % of the inlet pressure, thus, all 

the proposed reactor configurations could be employed. 

With all this data, the reactor that presented the lowest pressure drop was chosen for 

the design of the industrial plant. Moreover, the absence of external mass transfer 

limitations was also ensured. 

The wall thickness was calculated taking into account the nominal size of the piping. For 

the chose tubes of DN 100 with a Sch of 5/5S the wall thickness is 0.00211 m. 

The gases were fed to the reactor at a temperature of 613 K so as to avoid the need of 

electrically heating the reactor. Finally, the reactor was cooled using Dowtherm-A in 

concurrent mode as thermal fluid. A liquid fluid was employed due to the fact that gas-

liquid heat exchangers require lower surface than liquid-liquid heat exchangers.  

To summarize, all the specifications for the reactor are presented in Table 6.4. 

Table 6.48. Methanation reactor specifications 

Parameter Value 

Tube external diameter (m) 0.1143 

Tube length (m) 2 
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Number of tubes 16 

Total volume (m3) 0.30 

Operating temperature (K) 613 

Operating pressure (bar) 10 

Pressure drop (bar) 0.20 

Material 304L stainless steel 

Thermal fluid Dowtherm-A (co-current) 

6.1.2.3. Condensation and injection to the gas grid 

The design of the industrial plant included a condensation step to separate the gas 

product, to be pressurized and injected into the natural gas grid, and the liquid product 

to be recycled to the electrolysis step. 

Condensation of the product obtained during the methanation step was carried out at 

276 K and 10 bar. The condenser was automatically sized, and its cost calculated, by the 

software using the flow of the streams to perform the calculations. 

The injection of natural gas in the gas grid is regulated in order to ensure the quality of 

the distributed final product and avoid potential risks due to the injection of different 

compounds. As the harmonisation of the natural gas grid specifications is still in the to-

do list of the European Union, the specifications required to inject natural gas into the 

natural gas grid in Spain [29] are presented in Table 6.5. So as to meet these 

specifications a membrane was added after the condensation step so as to increase the 

concentration of methane in the product stream. 
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Table 6.49. Natural gas grid specifications in Spain 

Parameter Required value 

CH4 (mol %) > 95 

CO (mol %) < 2 

CO2 (mol %) < 2.5 

H2 (mol %) < 5 

O2 (mol %) 0.01 

Pressure (bar) [165] 4 

Temperature (K) [166] 273-293 

Different membrane configurations were simulated [167], studying two main 

alternatives: one membrane module and two membrane modules in series with the 

permeate of the second volume being recirculated. In both cases, a compressor was 

added before the membrane in order to increase the pressure of the feed stream to 16 

bar, so as to meet the requirements to inject the gas in the grid. For the case with the 

two modules, another compressor is needed in order to increase the pressure of the 

recirculated permeate from atmospheric pressure to 16 bar. The chose configuration 

was the one with one membrane, so there was no need to add another compressor as 

it would increase the electricity usage of the design above the allowable 20 MW limit 

defined for the project.  
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6.1.3. Catalyst 

Catalyst loading was calculated during the sizing of the reactor, resulting in 332 kg. The 

catalyst can be considered to present an average lifetime of 20,000-25,000 h [160] and 

a cost of 60 $/kg [168] based on literature. 

6.1.4. Utilities 

Electricity is the utility needed for the plant to operate. Assuming that the plant operates 

8760 h per year the annual electricity usage can be calculated. Results are presented in 

Table 6.6. 

Table 6.50. Electricity usage 

Equipment Electricity usage 

(MWh) 

Electrolyser stack 

(R101-S101) 

153,300 

Reactor (R102) - 

Condenser (F101) 526 

Membrane (V101) - 

Heater (H101) - 

Heat Exchanger 1 

(HX101) 

- 
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Heat Exchanger 2 

(HX102) 

- 

Heat Exchanger 3 

(HX103) 

- 

Fin Fan Cooler (F101) 19,447 

Pump (P101) 0.3 

Plant 173,273 

As it can be seen the electricity usage of the plant annually was calculated as, 

approximately, 173,273 MWh. As the plant operates 8,760 h it results in a mean power 

of 19.8 MW. 

6.1.5. Cost summary 

6.1.5.1. Streams cost and product sales revenue 

The cost of both feed streams water and carbon dioxide, was set as 1 $/tonne [169] and 

61 $/tonne respectively [160]. The cost of the Dowtherm-A was set as 4.4 $/tonne with 

a circle time of 0.5 h. [168]. Being a closed loop it is only necessary to pay for the 

Dowtherm-A once, so this cost can be considered as a part of the fixed capital cost. 

Regarding to the benefits that can be obtained due to the operation of the plant, 

synthetic natural gas is the most interesting product. The price considered for the 

produced synthetic natural gas is 0.2 $/m3 being this the lowest price set by Gazprom 

[170]. However, not only synthetic natural gas can be sold but also the oxygen produced 

during water electrolysis. For this byproduct a price of 84 $/tonne was considered, 

taking into account that the oxygen produced can be considered pure. For not pure 

oxygen a price of 12 $/tonne can be considered, decreasing the revenue obtained [24]. 
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Moreover, the excess of hydrogen that does not react can also be sold, at a price of 1.8 

$/kg [171]. 

The cost of the different feed streams ($/yr) can be observed in Table 6.7. 

Table 6.51. Feed streams cost 

Stream Cost ($/yr) 

Carbon dioxide 834,856 

Water 11,204 

Total 846,060 

 

While the profit obtained with the products is presented in Table 6.8. 

Table 6.52. Product sales revenue 

Product Sales revenue ($/yr) 

Synthetic natural gas 82,705 

Oxygen 1,596,965 

Hydrogen 1,945,158 

Total 3,624,828 
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6.1.5.2. Equipment cost 

As it has been stated, the cost of all the equipment but the electrolyser stack and the 

membrane was calculated by the software after a proper sizing. In the case of the 

electrolyser stack, literature was used [30]. The cost of the membrane was also 

calculated using the literature [172]. 

The cost of all the equipment can be observed in Table 6.9. 

Table 6.53. Equipment cost 

Equipment Installed cost ($) 

Electrolyser stack 

(R101-S101) 

10,080,000 

Reactor (R102) 135,900 

Condenser (F101) 86,700 

Membrane (V101) 23,600 

Heater (H101) 12,680 

Heat Exchanger 1 

(HX101) 

68,600 

Heat Exchanger 2 

(HX102) 

42,000 
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Heat Exchanger 3 

(HX103) 

201,300 

Fin Fan Cooler (F101) 113,600 

Pump (P101) 51,400 

Plant 10,815,780 

6.1.5.3. Electrolyser cell stack cost 

As it has been explained, the cell stack has a shorter lifetime than the 20 years period 

defined for the proposed design. According to the literature, the cell stack should be 

replaced every 40,000 h with a cost of approximately 50 % of the full electrolyser cost 

[160], thus, 5,040,000 $. 

6.1.5.4. Catalyst cost 

With an estimated lifetime for the proposed design of 20 years and taking into account 

that the plant operates 8,760 h/year the catalyst should be replaced every 3 years. 

Taking into account the amount catalyst loaded into the reactor and the price of the 

catalyst previously reported, it results in a cost of 1404 $/replacement. 

6.1.5.5. Utilities cost 

Regarding to the cost of the electricity it can be assumed as free electricity as the plant 

proposed has a power of 19.8 MW and it has been designed to absorb the excess of 

electricity, thus, free electricity of an average wind power plant which presents a power 

of 20 MW.  
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6.1.5.6. Labour cost 

Labour costs were calculated using the equation provided by Turton et al. [173]. 

𝑁𝑁𝑂𝑂𝑂𝑂 = �6.29 + 31.7𝑃𝑃2 + 0.23𝑁𝑁𝑛𝑛𝑛𝑛�
0.5

                      𝐸𝐸𝐸𝐸. 6.5 

Being: 

NOL: number of operators per shift. 

P: number of processes involving handling of particulate solids. 

Nnp: number of nonparticulate processing steps. 

As the number of particulate solids handlings processes is null and the number of 

nonparticulate processing steps is 10 (electrolyser stack, reactor, condenser, 

membrane, heat exchanger (x3), heater, fin fan cooler, pump) the number of operators 

per shift is 2.93. 

An operator works 49 weeks/yr and 5 shifts/week, resulting in 245 shifts/yr. A chemical 

plants operates 365 days/yr and 3 shifts/day this results in 1095 shits/yr. If an operator 

works 245 shifts/yr this results in 4.5 operators need to be hired for each operator 

needed for the plant. As it has been mentioned, 2.68 operators are needed in the plant 

so approximately 13 operators need to be hired. 

The average wages from the collective bargaining agreement (CBA) for the chemical 

industry in Spain [174] have been employed in order to calculate the labour costs. The 

average wage for an operator is 20,082 $/year, thus labour costs were calculated as 

261,066 $/year. However, this only includes the operators and no other staff. 

Usually a supervisor:operator ratio of 1:4 is considered as valid. Assuming that all the 

supervisors are chemical engineers, according to the CBA for the chemical industry in 

Spain the average wages for this position are 25,448 $/year, thus another 101,793 

$/year have to be added to the cost calculation. 
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Finally we have to take into account a chief executive with an average wage of 45,877 

$/year. 

A summary of the labour costs is presented in Table 6.10. 

Table 6.54. Labour costs 

Position Salary ($/yr) 

Operators 261,066 

Supervisors 101,793 

Executive chief 45,877 

Total 408,736 

6.1.5.7. Total capital investment 

Total capital investment can be calculated as the sum of fixed capital, presented in Table 

6.9, the working capital, defined as the sum of salaries (see Table 6.10) and material 

inventories (see Table 6.7) plus catalyst cost; and contingencies [173]. For the 

contingencies a value of 15 % of the fixed capital was considered [175]. 

Total capital investment is summarized in Table 6.11. 

Table 6.55. Total capital investment 

Concept Cost ($) 

Fixed capital cost 10,815,780 
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Working capital 1,254,796 

Contingencies 1,622,367 

Total capital investment 13,692,943 

6.1.6. Profitability criteria 

There are two main different criteria to study the profitability of a project, non-

discounted and discounted profitability criteria. The main difference between them is 

that the latter considers the time-value of the money [173]. This is the most realistic 

criteria and was the one employed to evaluate the profitability of the designed industrial 

plant. 

To evaluate the profitability of a project according to the discounted profitability criteria 

time, cash or interest rates have to be taken into account. All these criteria are further 

defined in the upcoming sections according to the definitions by Turton et al.[173]. 

6.1.6.1. Time criterion 

The discounted payback period (DPBP) is defined as the time required to recover the 

initial fixed capital investment or total capital investment. In this case total capital 

investment was chosen due to being a more realistic value. 

To calculate the DPBP it is necessary to calculate the discounted cumulative cash flow. 

The present value of the cash flows is calculated dividing the cash flow by (1+i)n being i 

a discount factor (considered 0.1 for a 20 year project) and n the year. Taking into 

account the initial investment, namely, total capital investment results obtained are 

presented in Table 6.12.  
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Table 6.56. Discounted cumulative cash flow 

Year Discounted cumulative cash flow 

1 -9,152,832 

2 -7,194,128 

3 -5,413,488 

4 -3,795,683 

5 -2,324,079 

6 -3,831,207 

7 -2,615,726 

8 -1,510,089 

9 -504,964 

10 408,245 

11 -527,563 

12 227,603 

13 913,710 

14 1,537,813 
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15 2,105,180 

16 1,523,812 

17 1,992,710 

18 2,418,981 

19 2,806,271 

20 3,158,561 

The DPBP is calculated as the latest period with a negative cumulative cash flow plus the 

result of dividing the absolute value of that negative cash flow by the total cash flow 

after that period. 

In this case a DPBP of 11.03 years was obtained. 

6.1.6.2. Cash criterion 

The present value ratio (PVR) is the more realistic way to evaluate the profitability of a 

project according to the discounted cash criterion. It is defined as the present value of 

all positive cash flows divided by the present value of all negative cash flows. A project 

can be considered profitable if this value is greater than the unity. 

The present value of the cash flows was calculated as explained above for the 

calculations of the DPBP. 

The result obtained was a PVR of 1.14, thus, a profitable project.  
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6.1.6.3. Interest criterion 

The discounted cash flow rate of return (DCFROR) is the interest rate at which the cash 

flow values must be discounted in order for the net present value (NPV) of the project 

to be equal to zero. The following equation was solved to calculate the DCFROR: 

�𝑛𝑛𝑛𝑛𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐ℎ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓/(1 + 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷)𝑛𝑛 − 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
20

𝑛𝑛=1

                    𝐸𝐸𝐸𝐸. 6.6 

Being the net cash flow the sum of the profit obtained selling the products minus the 

feed stream cost and the operating labour cost; n the year and the total capital 

investment the value calculated previously and presented in Table 6.11. Solving the real 

part of this equation gives as a result a DCFROR of 0.16, thus, 16 %. 
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Conclusions 

In the current PhD thesis an exhaustive study of different catalytic systems for the 

carbon dioxide methanation has been carried out. Moreover, a novel approach to this 

reaction based on catalysts with localised surface plasmon resonance was also studied. 

Finally, the feasibility of building an industrial plant was also analysed presenting a 

design together with an economic analysis. 

First of all an analysis of the most suitable calcination temperature of the catalysts and 

the operating pressure was carried out with a nickel/alumina catalyst. The conclusions 

obtained are summarized below: 

1. 673 K was selected as the most suitable calcination temperature for nickel based 

catalysts. This temperature was determined taking into account the activity 

presented by the catalysts and correlating it with the physicochemical properties 

of the catalysts. Calcinating the catalysts at 673 K increased the amount of the 

most active nickel species.  

2. 10 bar was selected as the most suitable operating pressure. Although a slightly 

higher activity was observed at 15 bar, there was not much difference and 

operating at higher pressures results in higher costs and higher risks. 

All the catalytic systems were prepared with nickel as the main active metal. The 

information obtained from the activity tests and the different characterisation 

techniques carried out over the fresh-reduced and the used catalysts led to the 

identification of the optimal physicochemical properties for a catalyst to be active in the 

carbon dioxide methanation reaction: 

3. A high surface area of the support resulted beneficial for the synthesis of the 

catalysts, favouring a high metallic dispersion. 

4. Among all the different reducible species identified, a large amount of nickel 

oxide weakly interacting with the support enhanced the catalytic activity whilst 

free nickel oxide or strongly interacting with the support resulted detrimental 

for the catalytic activity. 
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5. A small nickel crystallite size, measured by XRD correlated, well with a high 

metallic dispersion, measured by CO chemisorption, and resulted in a benefit for 

the catalytic activity. 

6. A proportion of low:high temperature acids sites of 1:1.5 was identified as the 

most suitable acid sites ratio. Even though basic catalysts are the most usually 

employed catalysts for carbon dioxide methanation, a proper ratio of low:high 

temperature acid sites proved to be beneficial for this reaction. 

An important achievement of this PhD thesis is the successful use of non-conventional 

catalytic supports, both natural supports and industrial residues. The use of this kind of 

supports resulted in a double benefit: i) valorisation of residues obtained from different 

industrial processes and ii) reducing the cost of the catalysts employed for the carbon 

dioxide methanation reaction. The study of this conventional supports resulted in a main 

conclusion:  

7. Sepiolite demonstrated being a promising support for carbon dioxide 

methanation reaction as it presented a high methane yield at all the 

temperatures tested and it presents a cost several times lower than a 

conventional support such as alumina (γ). 

During the PhD thesis a research fellowship was carried out at the University of New 

South Wales (UNSW) in Sydney, Australia. The aim of this research fellowship was to 

study feasibility of employing localised surface plasmon resonance catalysts, a kind of 

photocatalysts, for the studied reaction. The main advantage of this catalysts are that 

they are activated under light irradiation. The studied catalysts with localised surface 

plasmon resonance properties also contained nickel as the main active metal, thus, 

being the conclusions previously listed also applicable. However, due to the presence of 

plasmonic nanoparticles (NPs) of gold or silver further conclusions were obtained: 

8. A basic character resulted beneficial for the catalytic activity, as it has been 

usually proved for carbon dioxide methanation reaction. The catalysts that 

presented a stronger basic character also presented higher catalytic activity. 
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9. Both gold and silver promoted the conversion of carbon dioxide to carbon 

monoxide in a higher extent than to methane. 

10. Bimetallic catalysts presented and enhancement in their carbon dioxide 

conversion when irradiated with light of the appropriate wavelength. 

Finally, the design of an industrial process for the carbon dioxide methanation reaction 

was proposed. The main feature of this design was the use of multitube reactor. This 

reactor was employed to overwhelm the main drawback of the reaction, its high 

exothermic character. The multitubular design allows a more efficient heat exchange, 

improving the reaction but also allowing to use the excess of heat in several parts of the 

process. Regarding to the design of an industrial plant we can conclude that: 

11. Cooling the reactor is critical to ensure a proper operation with a methane yield 

close to the desired one. 

12. The heat produced in the reaction can be efficiently employed to preheat the 

feed of the reactor. 

13. The proposed industrial design proved to be profitable taking into account 

different criterions such as: 

a. Time criterion: the design presented a discounted payback period (DPBP) 

of 11 years for a 20 years lifetime. 

b. Cash criterion: the design presented a present value ratio (PVR) of 1.13. 

c. Interest criterion: the design presented a discounted cash flow rate of 

return (DCFROR) of 16 %. 
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