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Chapter 1
INTRODUCTION

ABSTRACT

Progressive reduction of carbon dioxide emissions, considered the main route
to decrease the impact of greenhouse effect on climate, is one of the mayor
environmental challenge of today’s society. Since Paris agreement was
adopted by most world’s countries in 2015, the number of projects to face
that challenge have significantly increased. Although the replacement of
fossil fuels with renewable energy sources is the best strategy to decarbonize
the energy system and reduce CO, emissions, the renewable power installed
today is still very far from meeting world’s energy demand. Consequently, the
parallel development and implementation of alternative technologies is
necessary to accelerate the transition into more resilient and cleaner energy
system. The use of CO; to produce chemicals and fuels, will play an important
role in meeting climate goals. The CO; methanation is attracting a lot of
interest since it is thermodynamically the most favourable reaction. As the
hydrogen employed in this reaction is produced via renewable electrolysis, not
only CO, emissions are reduced but also renewable energy is stored in form of
energy vector, such as methane. While it is known that Ni and Ru are the most
active and selective metals to carry out CO; methanation, the catalytic
performance of current supported catalysts still admits room for
improvement at low temperature. The main objectives as well as the scope of
this thesis are presented at the end of this chapter.
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1. INTRODUCTION

Climate change is considered one of the greatest environmental threats of our
time and its main cause is the increasing CO, emissions derived from the production of
energy by fossil fuels combustion. During the last decades, not enough effort has been
made to develop energy alternatives and renewable energy sources that reduce the
amount of emitted CO,. However, the consumption of fossil fuels is expected to fast
increase in the coming years due to the inherent need for transportation, the growing
global energy demand mainly caused by emerging economies and the exponential
increase in population. In fact, if the current trend continues, it is estimated that CO,

emissions could exceed 40 Gt/year by 2030 [1].

The replacement of fossil fuels by renewable energy sources, such as wind and
solar PV, is currently a major challenge. Unfortunately, the electrical power obtained
from wind turbines or solar panels is intermittent and, besides, is produced in places
where it is not directly consumed. Therefore, there is a growing interest in the long-
distance transport and storage of renewable energies [2]. As a solution, these green
energies can be used to produce hydrogen by electrolysis of water, which subsequently
can be combined with carbon dioxide, captured from the combustion of natural gas
and other sources, and catalytically converted into synthetic natural gas (SNG) or
methane (CH4) according to the CO, methanation or Sabatier's reaction

(CO, +4H, & CH, +2H,0).

This mitigation strategy aims to produce SNG from the use of CO, as carbon
source, especially in heavy industries (e.g., power, steel and cement plants) where its
decarbonisation is inviable. On that way, the amount of imported or purchased natural
gas for the generation of electricity or heat is reduced (i.e., there is a saving in
production costs), while potentially expensive CO, emissions (around 50 €/t) are
diminished and the introduction of renewables into the energy system is facilitated.
The SNG gas production from CO; and renewable H; is a viable catalytic process that
was earliest verified by Hashimoto et al. [3] in a Japanese prototype plant. The different

steps of the process are shown in Figure 1.1. The plant is provided by photovoltaic solar
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panels, electrolytic cells for the production of H,, two fixed bed reactors in which CO,
methanation is carried out and a unit for the combustion of CH, and subsequent

recovery of CO,.
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Figure 1.1. CO2 recycling and SNG production prototype plant. Source: Ref. [3].

1.1. GREENHOUSE EFFECT, GLOBAL WARMING AND CLIMATE CHANGE

The privilege Earth’s position in the solar system and the presence of water are
not the only conditions that make it a habitable planet. The other condition is that,
unlike the moon, it has an atmospheric mechanism by which the heat is kept at night
and reflected during the day, avoiding high temperature changes: the greenhouse
effect. Responsible for this effect are the so-called greenhouse gases (GHG) which are
retained by atmosphere and are of vital importance due to its ability to trap solar
radiation. In fact, in the absence of greenhouse gases, the average global temperature

would be -16 °C and our planet could not support life [4]. Noteworthy, only the 1% of
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atmosphere’s volume is formed by greenhouse gases. The main GHG are water vapour
(H20), carbon dioxide (CO2), methane (CHa), nitrous oxide (N20O), chlorofluorocarbons
(CFC) and ozone (0s) [4-6].

Figure 1.2 depicts the energy budget (the balance between the incoming radiant
energy from the sun and the outcoming energy from Earth back out to space) of the

Earth-atmosphere system, where GHG play an important role.

Reflected by Reflected Reflected from
atmosphere by clouds earth's surface
6% 20% 4% 64% 6%
Incoming Radiated to space
solar energy from clouds and

100% atmosphere

Absorbed by
atmosphere 16%

Figure 1.2. Earth’s energy budget. Source: Ref. [4].

It can be observed that around half of shortwave solar radiation (51% of the sun’s
incoming energy) hits the earth’s surface where it is adsorbed by lands and oceans,
whereas the rest is directly absorbed by clouds and atmosphere (19%) or reflected back
out to space (30%). Of total absorbed by the surface, 23% will be carried into the
atmosphere by water vapour, 7% by conduction and rising air and the rest (21%) will
be reflected as longwave infrared or thermal radiation, which can be trapped by

greenhouse gases of the atmosphere [7].
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As GHG absorb thermal infrared energy, their temperature rises and
consequently, they randomly radiate an increasing amount of heat in all directions. The
heat that is spread upwards will radiate freely to space at an altitude of around 5-6 km,
whereas that spread downwards will come back into contact with and absorbed by the
Earth’s surface giving rise to the above-mentioned natural greenhouse effect. Due to
that mechanism and GHG, the surface temperature is higher than it would be if only
heated by direct sunlight [4, 6].

Noteworthy, the energy budget of the system is constantly trying to maintain a
thermostatic balance, being its average temperature the result of the heat leftover
from the overall solar energy that is absorbed in one way or another. If the Earth’s
energy budget is unbalanced through either natural phenomena or man’s activities,
the Earth’s average temperature will eventually increase or decrease in order to
restore the balance. Whatever affects the energy budget is called radiative forcing and
can be classified into natural or anthropogenic type [4]. The former group includes
changes in the Sun’s brightness, Milankovitch cycles (small variations in the shape of
Earth’s orbit and its axis of rotation that occur over thousands of years) and large
volcanic eruptions. The latter, instead, include aerosols emissions; deforestation,
which changes how the surface reflects and absorbs sunlight; and the rising
concentration of atmospheric carbon dioxide along with other greenhouse gases,

which decrease heat radiated to space [8].

According to Intergovernmental Panel on Climate Change (IPCC) [1, 9], the Earth
has experienced unprecedented global warming (the process by which average
temperature increases globally) over the last century. The evolution of Global Mean
Surface Temperature (GMST) with respect to the average temperature of the pre-
industrial reference period (1850-1900) is shown in Figure 1.3. The GMST is calculated
as the weighted average of near-Surface Air Temperature (SAT) changes over lands and
Sea-Surface Temperature (SST) changes over the oceans. Note that GMST change (blue
line) has exponentially increased since 1900, observing in 2018 around 1 °C global
warming. In fact, the level of warming has increased at 0.3-0.7 °C per 30 years-period
(1986-2015), being the rate of warming in 2017 0.15-0.35 °C higher than average
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warming over that period [9]. Accordingly, the 1986-2005 period and 2006-2015
decade were 0.63 °C and 0.87 °C warmer than the preindustrial reference period,

respectively.
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Figure 1.3.  Evolution of global mean surface temperature (GMST) from 1850.
Source: Ref. [9].

There is no doubt that anthropogenic forcings (yellow region), specifically CO,
emissions, are the main cause of the observed fast global warming [5]. Nevertheless,
global warming is not only reflected in the global temperature change of the
atmosphere but also in changes of other climate system elements, such as the
hydrosphere and cryosphere, which are grouped in the so-called climate change
phenomenon. Among the climate change effects, the mentioned rise in global
temperature, changes in precipitation patterns, increased frequency of droughts as
well as heatwaves and sea-level growth due to the melting of poles are remarkable
[10]. Consequently, many ecosystems are experiencing difficulties in the worst affected
areas, having several species become extinct. In fact, it is estimated that a 1.5 °C global
warming may put 20-30% of species at risk of extinction and warming higher than 2 °C

will seriously struggle most ecosystems [1].
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1.2. ANTHROPOGENIC CO; EMISSIONS

CO; is a colourless, odourless and inert gas. The acidic molecule has linear
geometry with a double bond between the carbon and oxygen atoms (O=C=0). Itis
an essential source of carbon in the photosynthesis of plants and crops and constitutes
0.42% (417 ppm in May 2020) of the volume of the atmosphere. This section details

the sources and evolution of CO, emissions.
1.2.1. Evolution and sources

The energy system of modern societies is roughly based on combustion of fossil
fuels, among which the most relevant are coal, oil and natural gas. The complete
oxidation of any of those hydrocarbons produces mainly H,O and CO, (the lower the
H/C ratio, the higher the amount of emitted CO,), which until recently was considered
a harmless gas. However, nowadays, it is widely and scientifically demonstrated that
anthropogenic CO; emissions from fossil fuel combustion are the main cause of global
warming and climate change [11-13]. The growth of atmospheric CO, concentration
from 1960 as well as evolution of CO, emissions over the last 120 years are shown in
Figure 1.4. It can be observed that atmospheric CO, concentration has steadily
increased over the course of 60 years according to Mauna Loa observatory in Hawaii
(see inset graph). The concentration of CO, is currently around 410 ppm, which
represents a 47% increase since the beginning of industrial period (280 ppm) and an
11% increase since 2000 (370 ppm). It is known that this growth is mainly due to human
activities, since CO; produced from fossil fuels combustion has different ratio of heavy-
to-light carbon atoms (3C/*?C), so it leaves a distinct “fingerprint” that instruments can

measure [11].

As above-mentioned, the main cause of CO, concentration is fossil fuels burning.
In fact, note that the CO; global emissions (blue line) from combustion processes have
analogously increased over the last century. This rapid general rise is not only related
to development of economies but also to exponential increase in world’s population,
which is increasingly demanding more and more energy. However, emissions have also

experienced particular decreases throughout 120-years period due to several historical
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events such as Great depression (1929) and World War 1l (1939-1945), which also

caused the decline of economies and energy demand.
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Figure 1.4. Global energy-related CO2 emissions. Adapted from: Refs. [11, 12].

Similarly, the global CO, emissions, which achieved maximum value of 33.51 Gt in
2018, have rapidly decline in 2020 due to the Covid-19 crisis. According to the
International Energy Agency (IEA) [12], the amount of CO, emitted during 2020 was
30.8 Gt, almost 8% lower than in 2019 and the lowest level recorded since 2010.
Noteworthy, such reduction is the largest ever recorded, six times larger than the
previous record reduction of 0.4 Gt in 2009 due to the financial crisis and twice as large

as the combined total of all previous reductions since the end of World War II.

Regarding CO; emissions sources, it should be mentioned that they are not evenly
distributed throughout the territories. In fact, only China, United States of America and
India, which emitted 9.57, 4.92 and 2.31 Gt CO; in 2018, accumulated around 50% of

global CO, emissions [13]. The fourth and fifth places were occupied by the Russian
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Federation and Japan, which reported CO, emissions of 1.59 and 1.08 Gt CO, that same
year. The amount of emitted CO, per country depends on many factors such as the
degree of development or industrialization, the type of energy generated and the
population of the territory. Likewise, the classification of CO, emissions per sector is

not the same in all countries.

As an example, Figure 1.5 shows the distribution of total CO, emissions by sector
of Spain in 2018. Unlike in many other countries, the sector with the highest number
of CO, emissions is transport (37%) rather than power and heat generation sector
(28%). This is because Spain is a developed country with a warm climate that does not
demand much electricity and heat. On the contrary, the contribution of power and
heat generation sector to CO, emissions in a cold territory such as Russian Federation
is 50%. Besides, data indicate that in Spain Industry sector is not as important as, for
example, in China, which contribution to CO, emissions in 2018 was around double
(28.0 vs. 13.7%). Finally, note that the contribution of commercial and public services
sector is similar to the residential one, which indicates that it is a very important activity

in Spain’s economy.

13.65%
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B Industry

6.02% []Other energy industries
I Residential

4.42% [_1Commercial and public

services

2.81% [ Agriculture and fishing

28.11%

36.95%

Figure 1.5. Spain’s CO2 emission by sector in 2018.
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1.2.2. Climate action

Nowadays, the main international agreement to mitigate climate change is the
United Nations Framework Convention on Climate Change (UNFCCC) [14], which
ultimate objective is to stabilize greenhouse gas concentrations at a level that would
prevent dangerous anthropogenic interference with the climate system. This
convention was entered into force in 1994 and is currently ratified by 197 members,
including industrialized countries as well as economies in transition. The member
countries have met annually at the Conference of the Parties (COP) since 1994, where
discussions on climate issues are held in order to find better environmental solutions.
The most important COP sessions were those celebrated in Japan (COP3) and France

(COP21), where Kyoto protocol and Paris agreement were adopted, respectively.

The Kyoto protocol was an international treaty divided into two periods that
committed 37 industrialized countries and the European Union to carry out specific
actions or policies that reduce CO, emissions in accordance with agreed individual
targets [15]. The state parties fulfilled the commitment of reducing GHG emissions
around 5% against 1990 levels during the first period (2008-2012) and in the second
period (2013-2020), a more ambitious GHG emissions reduction of at least 18% below
1990 levels was committed. However, the participation of parties was lower in the
latter period, staying out countries with high environmental impact such as Japan,

Russia and United States.

On the other hand, the Paris Agreement is a legally binding international treaty on
climate change that was adopted by 196 Parties in 2016 [16]. Unlike Kyoto protocol,
the Paris agreement bring almost all nations into a common cause to undertake
ambitious efforts to combat climate change and adapt to its effects. This agreement
enters into force in 2021 and its main goal is to limit global warming to well below 2 °C,
preferably to 1.5 °C, compared to preindustrial levels. To avoid exceeding the 1.5 °C
threshold, the global CO, emissions in 2030 must reduce 45% with respect to 2010 and
must be zero by mid-century, according to the last report of Intergovernmental Panel
on Climate Change (IPCC) [9]. To ensure that the objectives are met, state parties must

submit the actions they will take to reduce GHG emissions and to build resilience

11
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against global warming within the Nationally Determined Contributions (NDCs).
Besides, countries must report on actions taken and progress in climate change

mitigation by the Enhanced Transparency Framework (ETF).

Finally, as many state parties, Spain is in the process of developing a new climate
change and energy transition law [17] to meet its international commitments by 2030,
which are GHG emissions reduction of 23% with respect to 1990 and to achieve a
contribution of renewable energies in final energy consumption of at least 42% (against
actual 20%). The law proposes remarkable issues in transport, electric and construction
sectors, such as promoting the replacement of internal combustion engine vehicle by
electric ones, increasing the share of renewable electricity generation and enhancing
the energy efficiency of buildings sectors by rehabilitation and renovation plans,
respectively. Besides, the law promotes integration of fuels produced by renewable
energy. In this context, research on the catalytic synthesis of natural gas or methane
from renewable H,, which is the main goal of the present thesis, results potentially

useful and interesting.
1.3. DECARBONIZATION OF THE ENERGY SYSTEM

Global anthropogenic CO, emissions were reduced about 8% (2.6 Gt of CO;) in
2020, as a result of the Covid-19 crisis [12]. This fact, although results from lockdown
measures and economy slowdown, may turn into the starting point from which CO;
emissions progressively decline in the future if adequate actions are taken. According
to IEA, governments which committed to Paris agreement have now the chance to
accelerate the transition into a more resilient and cleaner energy system, while
rebooting their economies and creating new jobs. Making the right investments, the
economic growth can work together with a sustainable recovery plan, which might lead
to air pollution emissions decrease of 5% by 2023 [18]. This plan, among other
objectives, contemplates: (i) accelerating the installation of low carbon energy sources
(such as renewable wind and solar PV) along with the expansion and modernisation of

electricity grids; (ii) turn fuels production and utilization more sustainable; and (iii)

12
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boost innovation in crucial technology areas including hydrogen, batteries, CO,

utilisation and small modular nuclear reactors.

There is no doubt that the first strategy constitutes the most suitable alternative
to decarbonize the energy system. Unfortunately, the complete replacement of fossil
energy by immature renewable green energies takes a lot of time and financial effort,
which allows for the parallel development and implantation of alternative strategies at
medium term. Among others, Carbon Capture and Storage (CCS) along with Carbon
Capture and Utilization (CCU) technologies seem to have an important and diverse role
in meeting global energy and climate goals [19, 20]. Both processes first involve the
capture of CO; from large point sources (e.g., power generation plants) that burn both
fossil fuels and biomass or direct CO; trapping from atmosphere. Then, if not being
used in situ, the captured CO; is compressed and transported by pipeline, ship, rail or
truck to finally be used either in a range of applications following CCU route or injected
into deep geological formations which trap CO, for permanent storage (CCS route).
While combination of both routes (CCUS) contributes to climate change mitigation, the
technologies for the CO, capture and geological storage are expensive and
energetically intensive, so using CO; as a carbon source — instead of storing as a waste

—is presented as a better alternative.

It must be highlighted that this strategy aims to reduce atmospheric CO, emissions
by the use of “recycled carbon”, so that “fossil carbon” burning is avoided as much as
possible. In other words, it is about complement the natural carbon cycle by developing
man-made industrial processes in which “spent carbon” or CO; is converted into
“working carbon”, as that present in valuable chemicals and fuels [21]. In this sense, it
is expected that CCUS will play four strategic roles in the energy transition to net
zero [20]:

1. Trickling emissions from existing infrastructure. CCUS can be retrofitted to
existing power and industrial plants which could otherwise still emit 8 Gt CO,
in 2050.

2. A cost-effective pathway for low-carbon hydrogen production from reforming

and gasification processes, specifically in developing countries.

13
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3. A solution for the most challenging emissions of heavy industry. This
technology can tackle emissions in sectors where other options are limited,
such as cement, steel and paper industries.

4. Removing carbon from the atmosphere by combining it with bioenergy or

direct air capture to balance emissions that are technically difficult to abate.

As shown in Figure 1.6, CO, can be used as raw material in a range of production

processes and services.
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Figure 1.6. CO2 utilisation pathways. Source: Ref. [22].

The potential application for CO; use includes direct use (non-conversion) and the
transformation of CO; into useful products through chemical and biological processes
(conversion). According to IEA [22], today around 230 Mt of CO; are used globally each
year, primarily to produce fertilisers (around 125 Mt/year) and for enhanced oil
recovery (around 70-80 Mt/year). Besides, CO, is commercially used in food and
beverage production, in cooling systems as heat transfer fluid and for yield boosting in
crop greenhouses. Regarding new CO; conversion pathways, those include fuels
synthesis, chemicals production, and building materials manufacturing. While all
routes will contribute to climate goals, the synthesis of green fuels is clearly the most

important, since the amount of CO, emitted from fossil fuels combustion in power

14



Introduction

generation and industrial plants is two orders of magnitude higher than the employed

in direct use or chemicals production [23].
1.3.1. Fuels production from renewable H, and CO;,

Nowadays, hydrogen represents a versatile energy vector, with a great potential
to help address various critical energy challenges [24, 25]. Hydrogen can be produced
through conventional thermal processes, such as oil or natural gas reforming and coal
gasification, or non-thermal production processes, among which water electrolysis is
the more extended. As conventional routes emit a significant amount of CO,, low
carbon water electrolysis is the main rational way to produce H; for fuels production.
Electrolysers enable the production of clean hydrogen from renewable electricity and
water. In recent years, the number of projects and installed electrolyser capacity have
expanded considerably: from less than 1 MW in 2010 to more than 25 MW in 2019
[24]. Alkaline electrolysers constitute the most mature electrolysis technology.
However, many new projects are now opting for polymer electrolyte membrane (PEM)
designs, since they can operate more flexibly and are therefore more compatible with

variable renewable electricity generation.

Although H; is the fuel with the highest calorific value (33,900 kcal kg?) and no
CO; is formed from its combustion, it presents some significant drawbacks [26]: (i) very
expensive and emissions-intensive cryogenic storage owing to its low density; (ii)
infeasibility of large-scale transport due to incompatibility with the current gas grid;
and (iii) low implementation or availability of large-scale power generation systems
(fuel cells). Accordingly, hydrogen is already used in some industries as raw material,
but it has not yet realized its potential to support clean energy transitions. Still
ambitious, targeted and near-term actions are needed to further overcome barriers
and reduce costs [25]. Nevertheless, H, can be combined with CO; and catalytically
converted into several energy vectors and fuels with major current applicability: from
Cl1-type molecules (CO, CH3OH) to higher molecular weight hydrocarbons, such as
dimethyl ether, alkanes and olefins. Both homogeneous and heterogeneous catalysts
can be used for that purpose. However, the latter are preferable in terms of stability,

separation, handling and reuse as well as reactor design, which reflects in lower
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costs [27]. The description of the main CO; hydrogenation routes into fuels is shown in
Table 1.1.

Table 1.1. Summary of the main COz hydrogenation routes into fuels.

Route and reaction Description

The Reverse Water Gas Shift (RWGS) is one of the main routes
of syngas (Hz + CO) production, which constitutes the starting
point towards higher hydrocarbons. The RWGS is an
endothermic reaction that occurs at many high-temperature

CO: to CO (RWGS): processes, wherever CO2 and Haz are present in the reaction
mixture. Mostly it is catalysed by copper-based and iron-
CO, +H, 22CO0+H,0 based catalysts [27, 28]. The former is normally promoted by

a thermal stabilizer, namely Fe, to avoid Cu particle sintering,
whereas the latter is usually promoted by Cr3* that inhibit the
recrystallization of the magnetite (FesOs). Recently, Ce-based
catalysts (PTGM/CeO2 and Ni/Ce0O:) have demonstrated to be
suitable for this process [29, 30].

Catalytic hydrogenation of CO2, also known as CO:
methanation, is currently becoming an important catalytic
process with a range of applications including ammonia
CO2to CHs (CO2 meth.): syngas stream purification and production of synthetic
natural gas (SNG). CO2 methanation is a thermodynamically
CO, +4H, 22CH, +2H,0 favourable exothermal reaction, but with high kinetic
limitations (eight-electron reduction process). It requires a
catalyst active at mild temperature to achieve acceptable
rates and selectivities. Generally, supported Ni and Ru
formulations are employed for this process [31].

The hydrogenation of COz into methanol is another effective
way for CO2 valorization. In fact, methanol is nowadays either
used as a solvent, alternative fuel or raw material in the
chemical industry [32]. The exothermic reaction, with

CO; to CH3OH: decreasing number of moles, is favoured by increasing
pressure and temperature. Generally, the formulation used is

CO, +3H, 2CH,0H +H,0  the same as employed to conduct CO hydrogenation into
methanol. Although catalysts with several active sites (e.g., Ag
and Au) have been studied, Cu-based ones continue to be the
most active. Those are often modified by the addition of
different oxides (e.g., ZnO, ZrOz, Al,03, TiO2 and Ga:03) to
improve their activity and stability [33, 34].
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Table 1.1. Summary of the main COz hydrogenation routes into fuels.

Route and reaction Description

The synthesis of dimethyl ether (DME) from CO: is the result
of two reactions in series (two-step process): the above-
described methanol synthesis followed by methanol
CO: to CH3OCHs (2 steps): dehydration into DME [32]. DME is a potential substitute for
diesel due to its better combustion properties, such as high
CO, +3H, 22 CH,0H +H,0  cetane number and low N content. It also can be produced in
2CH,0HZ CH,OCH, + H,0  a single-step process using a multifunctional catalyst able to
perform the two reactions simultaneously ([35]. The
bifunctional catalyst must content a methanol forming
component (e.g, Cu-ZnO) and an acid component (e.g.,
H-ZSM5 zeolite) where methanol is subsequently dehydrated.

The production of hydrocarbons from CO: is essentially a
modification of Fischer-Tropsch (FT) synthesis, where CO: is
used rather than CO and in which the catalyst composition is
tailored to maximize the production of light alkanes and
olefins [27]. It can be carried out by direct or indirect routes.
In the direct route, CO: is hydrogenated into hydrocarbons by
CO2 to CxHy (FT): RWGS followed by FT, whereas in the indirect route CO: is first
converted into methanol intermediate and then into light

Direct route: olefins or gasoline. However, the direct route is more

CO0, »CO—>CH,,, common. The formulations employed on this kind of reactions

usually present similar compositions to those used in FT
Indirect route: synthesis, but with little modifications so that they can
CO, >CH,O0H—CH,, simultaneously hydrogenate both CO and CO.. For instance,

Fe-Al203-Cu-K catalyst has resulted to be a suitable catalyst for
this application [36]. In this formulation, Al.Os acts as
excellent support for CO: hydrogenation into CO and K
promoter suppress the formation of CHa. On the other hand,
Cu favours the reducibility of the catalyst and provides
additional sites for Ha2 dissociation.

Among the different conversion alternatives, CO; methanation is known to be one
of the most thermodynamically favourable reactions. In fact, the standard Gibbs free
energy of CO, methanation has proved to be the lowest (AG =— 113 kJ/mol) according
to a study on the thermodynamics of the main CO, hydrogenation routes. In
comparison, the standard Gibbs energy of methanol and dimethyl ether synthesis were

3.5 and — 4.9 kl mol?, respectively. This is one of the main characteristics that
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motivated the choice of CO, methanation reaction, as CO, utilisation route, in the

present doctoral thesis on catalysis.
1.4. CO; METHANATION

As above mentioned, the replacement of renewable energy is presented as the
better strategy to overcome climate change. By 2050, this carbon-free sustainable
energy is expected to play an important role in a mixed energy system. At present,
however, renewable energy sources remain considerably less efficient and therefore
less profitable than fossil energy sources. The lower efficiency of renewable energies
is in part due to their intermittency: wind and solar energy are fluctuating and have to
be balanced for electric grid stability purposes. This also implies that part of the
renewable power may be lost during low energy demand periods. For that reason,

there is a growing interest in the development of renewable energy storage form [2].

In this sense, the emerging Power-to-Gas (PtG) technology could contribute to
solving the problem. The PtG process links the power grid with the gas grid by
converting surplus power into a grid-compatible gas via a two steps process: H;
production via electrolysis and CO, methanation [37, 38]. As depicted in Figure 1.7,
carbon dioxide captured from flue gas can be combined with H, generated from surplus
renewable energy (via electrolysis) and catalytically converted into methane or
synthetic natural gas (SNG). Thus, CO3is used as raw material instead of being emitted
as waste and renewable energy is stored in form of a low-carbon fuel such as methane.
Besides, as H; is produced via water electrolysis in low electricity demand periods,
renewable power is better exploited, which promotes its development and expansion.
The produced CH4 can be easily stored or widely distributed in the current gas grid and,
afterwards, can be used again for power and heat generation in private homes,

mobility sector or industry [38].

The viability of this process at industrial scale has already been demonstrated by
the e-gas plant of Audi Motor Company located in Werlte (Germany). This plant, which
is the biggest Power-to-Gas type worldwide, efficiently produces 1000 tons of SNG per

year, combining renewable hydrogen and concentrated CO; from a nearby biogas plant
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in cooled in fixed-bed reactors, where fundamental CO, methanation reaction takes
place on a catalyst. In the following sections, an analysis of the thermodynamic aspects

is carried out, as well as a brief review of formulations employed to catalyse it.
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Figure 1.7. Exemplary Power-to-Gas plant. Source: Ref. [37].

1.4.1. Thermodynamics

The CO, methanation is also known as Sabatier reaction, since it was discovered
by Paul Sabatier and Jean-Baptiste Senderens in 1902. As mentioned, it is a highly
exothermic reaction (AH =— 165 kJ mol?) through which CO; is hydrogenated into CHa:

CO, +4H, &= CH, +2H,0 (1.1)

However, under Sabatier reaction conditions, other reactions can take place,
which are summarized in Table 1.2. Among the side reactions, Reverse Water Gas Shift
(RWGS) is the most probable. In fact, CO, methanation can be considered the sum of
two reaction in series: first the RWGS (Equation 1.2) and then CO methanation

reactions (Equation 1.3).
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Table 1.2. Possible reactions involved in CO2 methanation.

Reaction Formula AH (k) mol?)  Eq.
Reverse WGS CO, +H,22CO+H,0 41.2 (1.2)
CO methanation CO+3H, 22 CH, +H,0 —206.1 (1.3)
Dry reforming CO, +CH, &= 2CO+2H, 247.3 (1.4)
Boudouard reaction 2CO &= C+CO, -172.4 (1.5)
CO reduction CO+H, &2 C+H,0 -131.3 (1.6)
CO: reduction CO, +2H, = C+2H,0 -90.1 (1.7)

In recent literature, various studies on CO, methanation thermodynamics are
available [39-42], in which the effect of some operational parameters (e.g.,
temperature, pressure and H,/CO, feed ratio) on equilibrium CO, conversion and CH,4
selectivity is studied based on Gibbs free energy minimization. The influence of
pressure on CO, within 200-800 °C temperature range is displayed in Figure 1.8. It can
be observed that CO, conversion decreases with temperature, whereas it increases as
pressure is elevated from 1 to 100 atm at T < 600°C. The former is related to the
exothermic character of the reaction: the equilibrium constant becomes smaller as the
temperature increases, which results in shifting the reaction to the left, reducing the
amount of converted CO; [39]. The latter, instead, is due to CO, methanation is volume

reducing reaction that is favoured by increasing pressure [40].

In addition, it can be deduced that conversion increases with pressure to linear
saturation. Thus, in the 1-10 atm pressure range, the CO; conversion at 400 °C
increases a remarkable 10% (from 85 to 95%), while in the 10-100 atm range only a 4%
(from 85 to 99%). Regarding selectivity, similar trends are observed. The significant
decrease of CH, selectivity is mainly attributed to CO formation via endothermic
reverse water gas shift, which starts to dominate from 400 °C. In fact, in the worst case
(P = 1), the methane equilibrium selectivity is reduced from 100 to around 55% with
increasing temperature from 400 to 600 °C. However, the formation of carbon deposits
seems negligible at H,/CO, = 4 since it is avoided by the high H, partial pressure and

water formation [41, 42].
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Figure 1.8. Influence of total pressure on equilibrium (a) CO2 conversion and (b) CHa
selectivity at H2/CO2 = 4. Adapted from: Ref. [39].

Analogously, Figure 1.9 shows the effect of the H,/CO, ratio on activity and
selectivity at 1 and 30 atm. In general, the catalytic performance is considerably
affected by the feed ratio, observing an enhancement of CO, conversion and CHs
selectivity when increasing H,/CO, stoichiometric ratio. In fact, CO, conversion is
increased from 85 to 99.5% by switching H,/CO; ratio from 4 to 6 at 1 atm and 400 °C.
On the other hand, it should be mentioned that, regardless of the pressure, only about
50-70% CO, equilibrium conversion and maximum CH, selectivity of 73-88% can be
achieved at a H,/CO; ratio of 2. In this line, the formation of undesirable coke could be
up to 50% below 500 °C when working at sub-stoichiometric feed ratios according to

Gao et al. [39].

Therefore, based on the thermodynamic data, the CO, methanation reaction must
be conducted at temperatures between 250-400 °C and pressure not much greater
than 10 atm to achieve industrial levels of CO; conversion (X, > 90%) and CH,

selectivity (SCH4 > 99%). Besides, H,/CO; should not be lower than 4 even at high

pressure (P = 30 atm) to avoid the formation of coke and consequent catalyst

deactivation.
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On the other hand, an operational gas hour space velocity (GHSV) as low as
possible is recommended (the lower the GHSV, the higher the contact time and CO;
conversion). As reported by Lazdans et al., it ranges from 4000-20,000 h! in industry.
Finally, regarding the gas feed composition, the presence of O, that would react with
H, reagent and other pollutants (e.g, NOy, SOx and CO) must be avoided to prevent the

catalyst from fast deactivation.
1.4.2. Catalysts

As previously mentioned, the CO, methanation is a thermodynamically favourable
reaction but with high kinetic limitations due to the eight-electron transfer
requirement for the complete reduction of CO; into CHs. Then, while achieving an
almost 100% CO, conversion with high selectivity into CHs is thermodynamically
available at low temperature, the presence of a very active catalyst is needed to

overcome those kinetic barriers.

Accordingly, many catalysts have been developed since CO; methanation reaction

was discovered by Sabatier more than 100 years ago. Generally, catalysts used in CO;
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methanation are heterogeneous type and consists of group VIII transition metals
supported over mesoporous solid oxides. The metal acts as active phase, while the
oxide as support. On the one hand, Ni and Ru have been the most used metals of such
group [31]. This is because Ni and Ru, in their reduced state, are able to effectively
dissociate the hydrogen that reacts with adsorbed CO,. Ni-based catalysts have been
extensively investigated because of their high activity and low price [43-47], whereas
Ru-based catalysts due to their excellent activity and selectivity at low temperature
[48-52]. It seems that Ni-based catalysts require high metal loadings and are easily
deactivated by sintering or coke deposition, in a more extension than Ru based

catalysts, which in turn are much more expensive.

On the other hand, mesoporous solids are usually used, such as Al,O3; [44], SiO2
[53], TiO; [50], ZrO; [46], CeO; [47] and Ce-Zr mixed oxides [54]. The type of support is
an important factor to be considered in the design of heterogeneous catalysts for CO;
methanation, since it plays an important role in active phase dispersion, activity and
stability. In fact, the interaction between the support and the metal (active phase)
usually has a great effect on catalytic performance. The support influence the catalyst
properties mainly in three aspects: (i) improving the dispersion of the active site, (ii)
promoting the formation of the inactive spinel phases, and (iii) modifying the
reducibility of the oxide precursors through manipulating the interaction between the
active phase and support [43]. Therefore, a catalytic component is required to activate
CO; for a further reduction,as the aluminium oxide (Al,Os), and also a metal component
(here Ni or Ru) that is able to dissociate H,. Providing that both functionalities are
present, activity, selectivity and deactivation of the catalyst seem to be significantly
dependent on the metal particle size and morphology [44, 48] as well as the type of
support [55]. Nevertheless, in some cases, a third electronic or structural promoter
component is used to improve metal dispersion as well as CO, adsorption (e.g., CeO,
and La;0s) [56, 57] or to avoid fast deactivation by sintering and fouling (e.g., V.03 and
Zr,03) [58, 59].
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1.5. MOTIVATION, OBJECTIVES AND SCOPE OF THE THESIS

Nowadays, the effects of climate change are increasingly evident and,
consequently, the society is waking up and becoming aware that it is necessary to take
action. In this scenario, there is no doubt that scientists along with politicians must play
an important role. Thus, since the 2015 Paris Agreement (COP 21) established the basis
of a plan for the transition to a zero-carbon world, the scientific community has been
developing new green technologies, processes and strategies. Among them, the
Power-to-Gas (Gas = methane) process, in which catalytic CO, methanation is a
fundamental step, is of great interest. Through this strategy “two birds are killed with
one stone”: CO, emissions are reduced and in turn, surplus renewable power is stored
in form of CH4 energy vector, which increases efficiency of renewable energies and

boosts their expansion.

Given the climate action urgency, the CO, methanation is gaining popularity in XXI
century even though it was discovered more than 100 years ago. The increased interest
of CO; methanation can be verified by checking the number of publications in the last
decade (Figure 1.10).
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Figure 1.10. Evolution of the number of research works on CO2 methanation in the last
decade. Source: Web of Science ISI database.
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Note that the number of articles dealing with CO, methanation has exponentially
increased since 2011, which could have been the starting point of several power to gas
projects around the world. Although much progress had been made till 2016, CO,
methanation still was far from its maturity. Still research and progress were needed on
the following fields: development of active, selective and stable catalysts; insights on
reaction mechanism and intrinsic kinetics; mechanistic modelling and design of

efficient reactors.

The aforementioned background motivated us to define the main objective of the
research proposed for the present doctoral thesis: Explore and stablish innovations in
the design, reaction mechanism and kinetics of Me/support catalytic formulations to
carry out the methanation of CO, with renewable H, at mild operation conditions (low
temperature and pressure), which significantly reduce the energy requirements of the

process.

This main objective can be defined in a more concrete way as the achievement of
a series of partial objectives, which can be divided into two blocks attending the nature

and composition of the studied supported metal catalysts.
Concrete objectives of block 1:

- Examine and compare the effect of metal type and content on Ni and Ru
formulations, paying special attention on particle size and morphology.

- Develop synthesis routes alternative to conventional ones (impregnation) in
order to improve the catalytic properties of the starting formulations,
identifying which factors are responsible for the improvements.

- Boost the catalytic performance of Ni/Al,0s; formulation by addition of small
contents of Ru, determining its role as a promoter.

- ldentify the type and evolution with temperature of reaction intermediate
species involved on CO, methanation over the prepared monometallic and
bimetallic catalysts with the aim of elucidating the reaction pathways.

- Study the intrinsic kinetics on Ni/Al,O3 formulation and define the mechanistic

model or rate equation that best fits the kinetic results.
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Concrete objectives of block 2:

- Prepare innovative zeolite Y and BETA supported Ni based catalysts and
determine which zeolite structure is better based on catalytic performance.

- Enhance the CO; adsorption capacity of the elected zeolite support modulating
its basicity by the addition of Na* and La;0s.

- Optimize the La;03 loading and evaluate the stability of the optimal catalytic
formulation.

- Systematically study the type and evolution of species involved in CO,
adsorption on different protonic, Na*-exchanged and La,0s-containing
zeolites, elucidating the CO, adsorption mechanism.

- Define the role of La,03 on CO, methanation reaction mechanism on Ni-

La;03/Na-BETA by means of adsorbed reaction intermediates.

The specific objectives are progressively fulfilled throughout the chapters of the
present thesis. In chapter 1, the current actions to face the climate challenge are
introduced and the development of Power-to-methane (i.e., CO, methanation) as one
of the transition technologies to recycle or use CO; is justified. Additionally, the
thermodynamics and main properties of catalysts already developed to carry out CO;

methanation are briefly described.

In chapter 2, the methods employed to characterize the catalytic formulations are
featured, including short explanations of theoretical basis and detailed descriptions of
experimental protocols. Besides, the reaction set up is described and the parameters
employed to measure the catalytic performance, such as CO, conversion or CH,/CO

selectivity, are defined.

Chapter 3 includes a direct comparison of the activity and stability of alumina
supported Ni and Ru catalysts prepared by conventional impregnation method at same
reaction conditions, establishing relationships between their physicochemical
properties and catalytic performance. Additionally, the effect of Ni and Ru loadings on

the CO, methanation performance is studied.
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In Chapter 4, firstly, a new synthesis route of Ni/Al,O; and Ru/Al,O; catalysts
alternative to incipient wetness impregnation is presented with the aim of improving
the properties (metal dispersion, metal-support interaction) of starting catalysts. In
second place, the potential promoting effect of co-impregnation of small amounts of
Ru is examined within Ni-Ru/Al,0; bimetallic systems by several characterization
techniques along with catalytic tests. To conclude, further insights into CO;
methanation mechanism over alumina supported mono- and bimetallic catalysts are
deduced by operando FTIR measurements, identifying the type and evolution with
temperature of reaction intermediate species involved in the reaction and determining

the individual roles of Al,Os, Ni and Ru.

In chapter 5, the intrinsic kinetics on Ni/Al,O3 catalyst with low metal content are
studied at wide range of experimental conditions from differential to thermodynamic
equilibrium regimes. First, the kinetic data are fixed to various empirical and LHHW-
type mechanistic models, which are developed according to the proposed reaction
mechanisms. After that, the model discrimination or the election of the model with the
minimum residuum is carried out by differential analysis method together with least
squares optimization. Lastly, the kinetic and adsorption constants of the elected model
are defined by the more complex integral method, including all kinetic data series in

the mathematical fix.

In Chapter 6, the potential efficiency of zeolites as CO, methanation catalytic
supports is explored. In this line, various Y and BETA zeolite supported Ni catalysts are
prepared, characterized and tested for CO; methanation. The first part of the chapter
seeks to establish relationships between catalytic performance and the physico-
chemical properties of the catalysts, which depend on the type of zeolite framework,
composition as well as metal support interaction. In the second part, the influence of
La,03 addition on the surface basicity and active phase dispersion is analysed. With
these modifications, it is sought to obtain a formulation able to reach equilibrium

conversion at mild temperature (T =250 — 350 °C) and atmospheric pressure.

Chapter 7 comprises operando FTIR analysis of CO, adsorption and CO;

hydrogenation mechanisms over zeolite BETA supported samples. First of all, the CO,
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adsorption over bare zeolite is studied and then, it is examined over the same zeolitic
support to which different basic elements (i.e., Na*, La;0; and Ni) are systematically
added, so that their role in adsorption mechanism is elucidated according to
differences in the type and concentration of intermediate species. Additionally, the CO,
methanation over supported Na-BETA catalysts with and without La;0s is studied with

the purpose of defining the reaction pathways and mechanistic role of La,0s.

In Chapter 8, the overall summary is presented as well as the main conclusions

that can be drawn from the thesis.

Finally, in Chapters 9 and 10 nomenclature and scientific bibliography employed

throughout the thesis are presented, respectively.
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EXPERIMENTAL

ABSTRACT

This chapter provides general information related to materials (supports and
reagents), catalysts synthesis procedures as well as methods together with
apparatus employed for the characterization and activity performance
evaluation of catalytic formulations developed along this thesis. First, the
materials and the procedures employed for the preparation of the catalysts
are detailed. After that, information about characterization techniques and
protocols is given, including TGA-MS, Nj-physisorption, H>-chemisorption,
XRD, XRF, XPS, CO,-TPD, H,-TPR, TEM, STEM-EDX, UV-Vis-NIR and operando
FTIR. Finally, the reaction setup and protocols employed for evaluating
catalysts in CO, methanation are described.






Experimental

2. EXPERIMENTAL

This chapter encompasses the materials, catalysts, characterization techniques
and reaction set-up employed during the development of the doctoral thesis. Firstly,
the reagents used in the synthesis as well as gases employed in characterization and
activity evaluation of catalysts are detailed. After that, the catalysts synthesis routes
are described, and all prepared catalytic formulations are listed. In the third part,
information related to the theoretical foundation of characterization techniques and
description of the experimental protocols are included. Finally, the last section
describes the reaction system formed by three parts (feed, reaction and analysis
sections) as well as the reaction conditions and activity parameters employed to

determine the catalytic performance of the formulations.
2.1. MATERIALS

Throughout this thesis, a wide number of supported catalysts with different
composition have been prepared from the supports, metal precursors and reagents

included in this section.
2.1.1. Supports

In all cases, commercial porous solids were employed as catalyst supports.
Mesoporous gamma-alumina (y-Al,Os3) was used to synthesize catalysts of block 1,
whereas various types of microporous zeolites to prepare catalysts of block 2. The

specifications of all catalyst carriers are summarized in Table 2.1.

Table 2.1. Specifications of the commercial supports.

Surface area  Pore/Unit

Support Code Manufacturer (m?g?) cell size (A)
y-Al203 SA6173  Saint Gobain NorPro 200 70

H-Y CBV400 Zeolyst International 730 24.5
Na-Y CBV100 Zeolyst International 900 24.65
NHs-BETA CP814E Zeolyst International 680 n.a.
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2.1.2. Reagents

On the other hand, all metal precursors employed consisted of nitrate salts. The
precursor as well as the additional reagents employed in the catalysis synthesis are
listed in Table 2.2.

Table 2.2. Specifications of the used reagents.

Chemical CAS Purity or

Name Supplier .
formula number PP concentration

Nickel (11) nitrate
hexahydrate
Ruthenium (111)
nitrosyl nitrate

Ni(NOs)2-6H,0  13478-00-7 Sigma Aldrich >99.0%

Ru(NO)(NOs)s  34513-98-9 Sigma Aldrich 1.5% (w/v)

Nitric acid HNO3 7697-37-2 Merck 65% (v/v)
Glycerol C3HsOs3 56-81-5 PanReac >99.5%
Sodium nitrate NaNOs 7631-99-4 Merck >99.5%
t?;;::?}‘gaﬂ%rate LaNO3-6H,0  10277-43-7  Sigma Aldrich >99.0%
Ammonia solution NH4OH 1336-21-6  Sigma Aldrich 25% (v/v)

Finally, the gases employed in the different characterization techniques were Ar,
He, Hy and N with 99.999% purity along with 5% CO,/He, 5%H,/Ar and 5%0,/He
calibrated gaseous mixtures supplied by Praxair. The gases used in catalytic and kinetic
tests, instead, were Ar, He, H,, N, CO; and CH. supplied by Air Liquide with a purity of
at least 99.99%.

2.2. SYNTHESIS OF CATALYSTS

All supported catalysts studied along this doctoral thesis were prepared by
mounting methods, such as impregnation, which comprise three general steps: (i)
contacting the support with the impregnating solution for a certain period of time, (ii)
drying the sample to remove the imbibed liquid and (iii) activating the catalyst by
calcination, reduction or other appropriate thermochemical procedure. The catalysts

were divided in two blocks attending the type of support: alumina or zeolite.
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2.2.1. Preparation of alumina supported catalysts (Block 1)

First of all, alumina supported catalysts with different Ni or Ru contents were
synthesized by a simple, fast and well-known preparation method such as Incipient
Wetness Impregnation (IWI). This method consists in contacting the support with the
Ni(NOs)2:6H,0 or Ru(NO)(NOs); precursor solution (see specifications in Table 2.2) of
appropriate concentration, corresponding in quantity to the total known pore volume
(Vpore). On that way, the solution is driven into the pores by capillary forces rather than
by diffusion (slower process) [60, 61]. In total, 5 Ni-based catalysts were prepared
varying the Ni nominal content from 4 to 20 wt%. Firstly, a volume of Ni(NOs),-6H,0
aqueous solution 1.2 times larger than catalysts pore volume (Vpore) Was impregnated
dropwise over Al;03 (Vpore = 0.5 cm? g) by a volumetric pipette to assure the complete
filling of mesopores. Secondly, the impregnated samples were dried during 6 h at 60
°C and further 6 h at 120 °C to remove the solvent so that high temperature gradients
were avoided (progressive drying). Finally, the catalysts were calcined at 500 °C for 4 h

with a heating rate of 5 °C min™.

Regarding Ru-based catalysts, 5 additional samples were synthesized by
successive impregnations, varying Ru loading from 1 to 5 wt%. Due to Ru precursor
solubility limitations, a maximum of 1% Ru was incorporated in each impregnation. As
in the case of Ni based catalysts, Ru(NO)(NOs); solution volume 1.2 times greater than
Vpore Was impregnated, after adjusting the pH of the solution to 1 by nitric acid addition
in order to avoid precursor precipitation. After each impregnation, samples were dried
in the same way and calcined at 400 °C during 4 h with a heating rate of 1 °C min™.
Note that all catalyst were calcined under air (uncontrolled atmosphere) in a muffle.
The catalysts were labelled xNi/Al,Os or yRu/Al,O3, where x and y represent the Ni and

Ru weight percent, respectively.

In a next step, two additional alumina-supported monometallic Ni and Ru
catalysts, as well as bimetallic Ni-Ru/Al,O3 samples were prepared by a slightly
different synthesis route. In this case, the metal solution was introduced by Glycerol
Assisted Impregnation (GAI) method and the precursor was calcined under a controlled

atmosphere. The GAl method, which was developed by Gudyka et al. [62], also consists
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in the typical dry impregnation but employs a glycerol/water solution as the solvent
instead of bare H,O. In principle, glycerol might react with the precursor forming an
organic matrix, which envelops metal crystallites and prevents them from excessive
growing during calcination [63]. Considering results reported in literature [62] as well

as the alumina pore volume and solubility of the metal precursors, a 30%CsHsOs/water

solution was used.

Table 2.3. General information of the prepared alumina supported Ni and Ru catalysts.

Long name/  Preparation Calcination o .
Short name Composition method*  atmosphere Teale. (°C) Location
4NiAl 4%Ni/Al>03 Wi Air 500 Chapter 3
8NiAl 8%Ni/Al.03 IWI Air 500 Chapter 3
10NiAl 10%Ni/Al203 IWI Air 600 Chapter 5
12NiAl or o/ N . Chapters 3
NiAlwi 12%Ni/Al203 IWI Air 500 and 4
NiAlsai 12%Ni/Al,03 GAI 20% H2/N2 550 Chapter 4
16NiAl 16%Ni/Al.03 IWI Air 500 Chapter 3
20NiAl 20%Ni/Al,03 IWI Air 500 Chapter 3
1RuAl 1%Ru/Al203 IWI Air 400 Chapter 3
2RuAl 2%Ru/Al>03 IWI Air 400 Chapter 3
3RuAl or 0 . Chapters 3
RuAlwi 3%Ru/Al>03 IWI Air 400 and 4
RuAlgai 3%Ru/Al203 GAI 20% H2/N2 550 Chapter 4
4RuAl 4%Ru/Al>03 IWI Air 400 Chapter 3
S5RuAl 5%Ru/Al>03 IWI Air 400 Chapter 3
. 12%Ni- o .

Ni-0.5RuAl 0.5%Ru/ALO: GAl 20% H2/N2 550 Section 4.2

12%Ni- Sections 4.2
Ni-1.0RuAl GAI 20% Hz/N 550

Bt 1.0%Ru/Al,03 % Ha/N: and 4.3

12%Ni-

Ni-1.5RuAl 7N GAI 20% H2/N2 550 Section 4.2

1.0%Ru/Al203

First, the required amounts of Ni(NOs),-6H,O and Ru(NO)(NOs); precursors
dissolved in aqueous glycerol solution were impregnated dropwise in order to attain
two catalysts with 12 wt% Ni and 3 wt% Ru nominal metal contents. After

impregnation, samples were dried overnight and calcined in a tubular oven under 50
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mL-min? of 20%H,/N; (controlled atmosphere) at 550 °C for 2 h (with 10 °C min?
heating rate). These two catalysts were labelled according to their composition and

impregnation method as follows: NiAlga and RuAlga.

Finally, once results of monometallic catalysts were analyzed, three bimetallic
catalysts were prepared by GAI method along with reductive calcination varying the Ru
content from 0.5 to 1.5 wt%. In all cases, the nominal Ni content was set at 12 wt% and
small amounts of Ru were incorporated by co-impregnation. After that, samples were
also dried overnight at 120 °C and calcined under the same conditions described above.
These samples were named Ni-xRuAl, where variable x represents the Ru content (0.5,
1.0 or 1.5 wt%). The nomenclature, nominal compositions, general synthesis route

specifications and location of block | catalysts are listed in Table 2.3.
2.2.2. Preparation of zeolite supported catalysts (Block I1)

The block Il formulations consisted of zeolite supported Ni catalysts, some of them
promoted by La. On the one hand, three types of zeolites were used as a support
supplied by Zeolyst International: H-Y (Si/Al = 2.6), Na-Y (Si/Al = 2.6) and NH4-BETA
(Si/Al 12.5). From NH;-BETA, zeolite H-BETA and Na-BETA were obtained by different
ways. The protonic form of BETA zeolite was achieved by simple calcination or thermal
decomposition (TD) at 550 °C for 4 h with a heating rate of 1 °C min™. However, the
Na-BETA zeolite was prepared by the metal lon Exchange (IE) procedure, which is
another mounting synthesis method. The IE consists of exchanging either protons or
ammonium groups on the carrier surface with cationic and anionic species in solution.
The adjustment of the pH is a key factor to have an electronic interaction between the
support and the metal precursor [61, 64]. In our case, the suitable amount of NaNOs
(Merck, 99.5%) was dissolved in deionized water (0.5 M solution); then, NHs-BETA was
added to this solution (10 mL/g) and the suspension was continuously stirred for 24 h
at 60 °C. During the preparation pH = 7 was kept by the addition of ammonia solution
drops. After the ion exchange, the support was filtered, washed twice with deionized
water and dried at 110 °C overnight. This procedure was repeated twice and finally the

exchanged zeolite was calcined for 4 h at 550 °C with a heating rate of 1 °C min™.
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The incipient wetness impregnation procedure was also used for preparing four
Ni/zeolite catalysts. This method consisted in adding the Ni(NOs), solution (Sigma
Aldrich, 99.99%) dropwise to zeolite support so that the solute was driven into pores
by capillary forces. In all cases, the precursor was Ni(NOs),:6H,0, the nominal content
of nickel was 10% and, after impregnation, the catalysts were calcined at 550 °C for 6
h with a heating rate of 5 °C-minL. Lastly, other three zeolite supported catalysts were
prepared with La;Os promoter nominal contents of 5, 10 and 15%. In this case, the
metals were introduced by successive impregnations (first La,03 and then Ni). After
each impregnation, samples were calcined at same conditions as unpromoted
catalysts. Table 2.4. summarizes the nomenclature, nominal compositions, synthesis

details and location of the seven prepared zeolite supported catalysts.

Table 2.4. General information of the prepared zeolite supported catalysts.

Preparation

Name/composition method Tealc (°C) Location

Ni/H-Y IWI 550 Section 6.1
Ni/Na-Y IWI 550 Section 6.1
Ni/H-BETA TD and IWI 550 Section 6.1
Ni/Na-BETA IE AND IWI 550 Chapters 6 and 7
Ni-5La;03/Na-BETA IE and IWI 550 Section 6.2
Ni-10La,03/Na-BETA  IE and IWI 550 Section 6.2 and Chapter 7
Ni-15La203/Na-BETA  |E and IWI 550 Section 6.2

2.3. CHARACTERIZATION METHODS

The physicochemical properties of the catalysts were determined by several
characterization techniques. The calcination temperature of the catalysts was defined
by thermo-gravimetric analysis; their textural properties as well as metal dispersion by
physical and chemical adsorption; the crystallinity, crystallite size, bulk and surface
composition by X-ray based methods; the basicity and reducibility by temperature
programmed techniques; the metal particle size and morphology by electron
microscopy; and finally, the metal coordination and type of adsorbed species by UV-

visible and FTIR spectroscopy.
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2.3.1. Thermogravimetric analysis coupled to mass spectroscopy

Thermogravimetric analysis is very useful tool to detect small mass variations in a
given solid sample (e.g., a catalyst precursor). This analysis is carried out in a
thermobalance apparatus, which is able to monitor sample mass change under an
atmosphere of controlled composition as the temperature linearly increases or at
isothermal conditions. Generally, the mass variation that takes place in the solid is due
to drying process, volatilization or thermal decomposition [65]. The depiction of mass
loss or gain percentage as a function of time or temperature is called thermogram or
TG curve, which shape is characteristic of the given sample. To better know the mass
change events, the results can also be represented differentially (dTG curves) deriving
the TG profiles.

Frequently, Mass Spectroscopy (MS) analytic technique is employed to know the
gas products that are formed during decomposition processes by coupling a mass
spectrometer to the thermobalance. This method is based on ionizing the unknown gas
mixture so that the resulting ions that compose it can be separated according to their
mass/charge (m/z) ratio. After little amount of gas mixture enter to the chamber at
vacuum pressure, it is immediately ionized by electronic bombardment forming
molecular ions in a first step. These molecular ions have unpaired electrons, what
makes them unstable and prone to decompose into fragment ions. As the ions have
positive charge, these can be transferred by an electrical field to a mass analyzer,
where are separated according to their m/z ratio. The relative concentration of each

ion can be represented as function of its mass value or time (mass spectra).
Experimental protocol

The thermogravimetric analysis was carried out in a Setsys Evolution
thermobalance of Setaram brand equipped with cylindrical graphite furnace and
temperature control (TIC). The atmospheric composition was established by means of
mass flow controllers at thermobalance entrance. In all cases, a mass between 50 and
100 mg was placed in 30 uL Al,Os crucible, which is hung on the microbalance so that

it stays centered inside the oven by a platinum wire system. On the other hand, the
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flue gas stream composition was monitored by a Cirrus mass spectrometer. This was
operated in secondary electron multiplier mode to record the evolution of the m/z
signals corresponding to Hx (m/z =2), He (m/z =4), C (m/z =12), CH4 (m/z =15), H,0 (m/z
=18), N, or CO (m/z =28), NO (m/z = 30), CO, or N,O (m/z = 44), Ar (m/z = 40) and NO,
(m/z = 46).

The TG-MS analysis was performed either to determine the suitable calcination
temperature of catalyst precursors or to analyze the possible formation of carbon
deposits after stability tests (24h on stream or more) of the best catalysts. In both
cases, the sample was dried at a temperature higher than 100 °C. The first type of
experiments was carried out varying the temperature from 125 to 625 °C with 5 °C
min? heating rate and under 50 mL min™ of oxidative (5% 0»/He) or reductive (5%
Ha/Ar) stream, depending on the preparation procedure. On the other hand, the coke
presence analysis consisted of heating the aged catalyst from 150 to 850 °C and under

5%0,/He flow in order to assure burning of all carbon compounds.
2.3.2. Physical and chemical adsorption of gases

The adsorption is a fundamental step in heterogeneous catalysis since it is the step
prior to the reaction. It can be physical or chemical. The former is characterized by a
low energetic interaction, poor specificity, and reversible nature, whereas the latter by
an elevated metal-gas interaction, high selectivity, and almost complete irreversibility
at low temperature [66, 67]. As discussed below, the essential properties of a
supported catalyst can be measured from techniques based on physical and

chemical adsorption.
2.3.2.1. Nx-physisorption

The physical adsorption of gases is the main method to determine textural
properties of porous solids, including specific surface area (Sger) and pore volume
(Vpore). Typically, many surface atoms of a porous solid present unbalanced electric
charge that generates attraction forces over gaseous molecules. As a result of such gas-

solid interactions or so-called Van der Waals forces, the gas molecule is weakly
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adsorbed (adsorbate formation) releasing little heat (AH = 4-40 kJ mol?) and giving rise
to the phenomenon known as physisorption. Due to the poor specificity of the process,
gas molecules first tend to lie side-by-side until completely cover the solid surface
forming a monolayer. Thus, knowing the area occupied by each adsorbing gas
molecule, the specific surface area of the solid can be calculated from the amount of
molecules forming the layer. The most commonly used adsorbing gas is N, at — 196 °C

(boiling point), being its molecular transversal area 0.162 nm? in such conditions.

The adsorption type as well as capacity of a porous solid is determined from the
isotherm curves, which represent the volume of adsorbed gas as a function of its
relative pressure at constant given temperature. Depending on the characteristic of
the solid, Brunauer, Emmet and Teller [68] proposed five different isotherm curve
models, to which Sing latter added a sixth and last one [69]. All types of adsorption

isotherms are depicted in Figure 2.1.
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Figure 2.1. Most common types of adsorption isotherms according to IUPAC.

The type Il isotherm is characteristic of macroporous solids with pore sizes (dpore)
superior to 50 nm or non-porous one, the type IV isotherm corresponds to mesoporous

solids (dpore = 2 =50 nm) and, finally, the type | isotherm is attributed to microporous
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solids (dpore < 2 NM). Note that in some cases the capillary condensation of N, that takes
place within the pores at high relative pressures hinders desorption of adsorbing gas
specially from those with lower size and hence, the adsorption and desorption curves
do not usually have the same shape giving rise to a hysteresis loop, as observed for
type IV and Visotherms (Figure 2.1). The shape as well as the relative pressure at which
the loop appears allow estimating the pore size distribution. According to IUPAC, there
are four types of hysteresis loops depending on the pore morphology: cylindrical and
uniform (H1), cylindrical with bottleneck (H2), grid shaped and uniform (H4) and grid
shaped but not uniform (H3) [70].

Through the mathematical analysis of isotherm curves, the volume required to
completely cover the surface of the solid can be calculated and, accordingly, its
accessible surface area. The fit of Brunauer, Emmet and Teller equation, known as BET
equation, is the most extended method to determine the specific surface area. After

linearizing and simplifying BET equation is as follows:

P

1,
Vads(PO_P) Vm

P
4+
c Vv, P

(2.1)

where V.4 (cm?® g?) is the volume of gas adsorbed in equilibrium at a given pressure or
P (kPa); Vi (cm? g?) is the required volume of N, to form a monolayer; P, (kPa) is the
saturation pressure of the adsorbing gas at specific operating conditions; and C is a

parameter associated with adsorption and desorption enthalpies [71].

The fit of isotherms’ data to the model at relative pressures from 0.05 to 0.2,
allows the determination of parameters Vi, and C from both slope and intercept values.

Once known Vi, the BET surface area (Sser, m? g1) can be calculated by this expression:

=107 A XA (2.2)

where N, is the Avogadro number; Vol is the adsorbate molar volume (cm® mol?); Am

is the transversal area of N, (nm?2); and m is the mass of the solid to analyse (g).
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Regarding the total pore volume (Vyore, cm® g?), it is nothing but the adsorbed
volume at a relative pressure of 0.98, which represents the gas volume required to fill
all pores. On the other hand, the pore size distribution for mesoporous solids is usually
determined by the method proposed by Barrett, Joyner and Halenda (known as BJH
method). The model is based on Kelvin equation of capillary condensation and employs
data from desorption isotherm as follows:

2wV, -
ro=10° Y Yaw €S0 (2.3)

pore
Tanl P
ern(/l,o)

being rpore the pore radius (nm), y the surface tension of adsorbate (N m?), v the

contact angle between the condensated N; and solid walls (rad), Tthe temperature (K),

R the ideal gas constant (J mol* K?) and e the thickness of adsorbed layer (nm).
Experimental protocol

Textural properties of samples (Sger, Vpore and mesopore size distribution) were
determined from N, adsorption-desorption isotherms measured at 77 K (- 196 °C) using
a Micromeritics TRISTAR Il 3020 equipment. The analysis is more accurate when the
mass of solid contains a surface area between 20 and 50 m? and hence, sample mass
values providing areas within that range were attempted to employ. Prior to the
analysis, samples were degassed overnight by a N, continuous flow at 350 °C to

completely clean the sample surface.

Regarding the isotherms, the adsorption curve is automatically obtained by adding
successive N; injections and recording equilibrium pressure values among them up to
the dew point of N, (P = 101.3 kPa). The N, adsorption values among 0.06 and 0.2 are
employed to calculate the BET surface area (Equation 2.2). After that, desorption curve
is obtained evacuating known N, volumes and recording equilibrium pressure values
until closing hysteresis loop. In this case, the data collected among 0.14-0.99 partial
pressure range is used to determine both pore volume and mesopore size distribution
by BJH method (Equation 2.3).
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2.3.2.2. H>-chemisorption

The metal dispersion is a fundamental parameter in characterization of supported
catalysts, since it defines what fraction of total metallic atoms are in the surface or, in
other words, the fraction of metallic atoms that can take part in the reaction as active
sites. Typically, dispersion is indirectly determined by a volumetric method based on
chemical adsorption of gases known as chemisorption, which, unlike physisorption,

involves an exothermal reaction between the metal surface and the gas.

This method consists in measuring the amount of chemisorbed volume at
increasing probe gas pressures and isothermal conditions. In practice, immediately
after catalyst surface being exposed to gas molecules at vacuum pressure, those are
selectively attached to metal particles through a short-range chemical bond. As the
pressure increases, more molecules are chemisorbed until metal surface is completely
covered by a monolayer, which will determine the dispersion. However, in volumetric
analysis conditions, certain amount of gas is also physically adsorbed. Thus, after
carrying out first isotherm involving both type of adsorptions, catalyst must be
evacuated to remove the physisorbed part. After that, a second consecutive isotherm
is performed to calculate the volume related to physisorption. Finally, the subtraction

of both isotherms allows determining the amount of chemisorbed gas [66].

To determine the number of metallic surface atoms (Ns) per total metal atoms
(N+), previously is necessary to know the stoichiometric factor (SF) of gas adsorption
over the metal,, i.e., the ratio of the number of surface metal atoms per adsorbed gas
molecules. Knowing this value as well as the chemisorption experiment results, the

dispersion (Dwe, %) can be calculated as:

Vm/ N, -SF
NS Vmol
D, =—5x100=-<"m %100 (2.4)

Me
N FMe .
' /w WMe NA

where Me is the metal type (Ni or Ru), Vi is the chemisorbed volume (cm? g2), Vinol is

the molar gas volume (cm?® mol?), Na is the Avogadro number (6.023 102 atom-mol?),
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Fumeis the metal fraction of the catalyst (gve gcat. ) and MWy is the molecular weight of

the metal (gve mol?).

Likewise, the metallic surface area (Sve, m? gcat.?) Or the total active metal surface
area available for interaction with the adsorbate can be determined as follows:
5, =

Me

V- SF-atA,, (2.5)

mol

where atAe is the atomic area of Ni (6.49 10 ° m? atom ) or Ru (6.13 102 m? atom™).

Generally, hydrogen, carbon monoxide and oxygen are the adsorbing gas
employed in chemisorption analysis. Among them, hydrogen is the most frequently
used since, unlike CO and O, it is not physically and chemically adsorbed by most of
the supports and its adsorption stoichiometry on Ni or Ru is clear (both Ni/H; and Ru/H;
stoichiometric ratios are assumed to be 2), which results in reliable dispersion
measurements. However, it is important to choose suitable analysis conditions to avoid
some difficulties, such us the H; spill over to support surface or formation of subsurface

hydrogen species, which can lead to wrong metal surface estimation [72, 73].
Experimental protocol

The chemical adsorption of H, was studied employing a Micromeritics ASAP 2020
apparatus together with a Chemisorption Controller device, which is responsible of
providing required operation conditions to carry out sample pretreatment and
subsequent chemisorption experiment. Prior to chemisorption tests, samples are
conditioned following the next steps: (i) reduction of supported Ni or Ru catalyst by H,
flow for 2h at 500 and 350 °C, respectively; (ii) degassing of catalyst at ultra-vacuum
pressure for 90 min at a temperature 10°C higher to that of reduction; (iii) cooling down
of catalyst to 35 °C (chemisorption temperature); and (iv) a second degasification for 1

h at low temperature (35 °C).

The test is based on collection of two isothermal curves varying the pressure from

50 and 450 mmHg with an evacuation in between. Subtracting the volume values of
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the second isotherm (only associated with physisorption) to those of the first (result of
a combined physical and chemical adsorption), the amount of chemisorbed H; (Vi) is
evaluated. Note that Vi, is the volume intercept derived from the best linear fit to the
volume differences of recorded isotherms, from which metallic dispersion (Duse,

Equation 2.4) as well as metal surface area (Swe, Equation 2.5) can be calculated.
2.3.3. X-ray based methods

Like visible light, X-rays are electromagnetic waves emitted by atoms as a
consequence of perturbations formed within its electronic structure. The main
difference among X-rays and ordinary light lies in his wavelength (1), being shorter for
the former. As them pass though the matter, X-rays suffer a series of interactions

depicted in Figure 2.2.

X-ray Incident X-ray

Diffraction (XRD
( ) X-ray Photoelectron

Spectroscopy (XPS)

X-ray
Fluorescence (XRF)

Transmitted X-ray
(X-ray image for medical treatment)

Figure 2.2. Types of X-ray interactions with matter.

While part of the X-ray radiation is transmitted through the material, part is
scattered coherently (without energy loss) or incoherently (Compton diffusion), other

part is re-irradiated together with electrons and the rest is transformed into heat. From
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different type of interactions and by means of its corresponding techniques (see Figure
2.2), information regarding the bulk and surface structure as well as composition of the

sample can be obtained.
2.3.3.1. X-Ray Diffraction

In a crystal, atoms are arranged in an ordered and periodic way through space
forming crystalline planes. The planes of the same family are separated one each other
by a constant distance or spacing (d) which is of the same magnitude order as the
wavelength of X-rays (0.1-10 A). Thus, when a crystal is exposed to X-rays, those can
be diffracted or scattered mainly though arranged electrons of the crystalline lattice.
The scatter can be either incoherent or coherent depending on the X-rays loss energy
(higher wavelength than incident beam) or not (same wavelength as incident beam)
after being deviated. The direction angle (6) of coherent scattered radiation is defined

by Bragg’s law:
nA =2d-senf (2.6)

Note that according to this law, the beam is diffracted in concrete 6 angle, if the
difference in path-length of the wave train is an integer multiple (n) of the wavelength

(constructive interference among rays).

The X-ray diffraction (XRD) technique allows the analysis of crystalline phases both
qualitatively and quantitatively [74]. The most widespread method is XRD over powder
or polycrystalline samples. The main advantage of this method is that fine powder
sample is randomly oriented in all directions, being all crystalline planes exposed to
X-rays. In a standard configuration, XRD intensity is recorded as the 8 angle of both
X-ray source and detector is varied at the same speed so that the angle between them
is always 26. In that way, a spectrum is obtained formed by several XRD peaks at 26
positions, which are characteristic of different crystalline phases or planes. Note that
the crystalline phase identification is carried out by comparing obtained spectra with
the registered in a database called PDF (Powder Diffraction File) established by the

ICDD (International Centre for Diffraction Data).
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On the other hand, from more intense XRD peak, the size of the crystallite

responsible of its appearance can be estimated by Scherrer equation:

K-4
T=
p-cosé

(2.7)

where K a shape factor (0.89 if spherical particles are considered), 1 is the wavelength
of the incident X-beam (1.5418 A), 6 the position angle (rad) and f is a parameter
associated with the wide of the diffraction peak (°). The value of the last parameter is
normally corrected considering the extra widening that occurs due to instrumental

analysis. Thus, f is defined as:

ﬂzﬂobs_ﬂins (28)

where fobs is the observed experimental widening or FWHM (Full Width at Half
Maximum) and fins is the extra widening that depends on the instrument employed for

the analysis (0.1° 26 in this case).
Experimental protocol

Before the analysis, polycrystalline samples were precisely ground to fine powder.
Then, a small amount of sample was adhered over a glass holder by few acetone drops,
which, once dried, allow powder to be orientated in all positions exposing all crystalline

planes.

Crystalline phases of samples were identified by a PANalytical X’pert PRO
diffractometer with Cu Ka radiation (A = 1.5418 A) and Ni filter. The operating
conditions were 40 kV and 40 mA and diffractograms were recorded varying incident
angle and detector from 5 to 90° 26 with 0.02° per second sampling interval. For the
computer processing and interpretation of diffractograms, PANalytical X’pert

HighScore specific software was used combined with PDF database provided by ICDD.

On the other hand, the thermo-diffractometric studies were carried out in a

Bruker D8 Advance diffractometer operating at 30 kV and 20 mA, equipped with a Cu
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tube (A = 1.5418 A), a Vantec-1 PSD detector, and an Anton Parr HTK2000 high
temperature furnace (total time for each temperature was 1 h). The thermo-XRD
results were obtained varying sample temperature from 30 to 1010 °C (5 °C min*
heating rate) and recording a pattern every 20 °C. Likewise, each diffractogram was

recorded varying 260 angle from 15 to 70° at 0.0165° s rate.

The measurements were carried out in Rocks and Minerals Analysis Unit of the
general X-ray service located within Central Analysis Facilities (SGlker) of the University
of the Basque Country (UPV/EHU).

2.3.3.2. X-Ray Fluorescence

Sometimes X-ray photon can be energetic enough to enter in the more internal
atomic levels of atoms and extract electrons from K, L or M layers. In this case, a
phenomenon analogous to that which occurs in anticathode of X-ray source takes
place: the irradiated material emits its characteristic X radiation. This phenomenon is
consequence of the extraction and later replacement of strongly linked electrons in
depth orbitals by others located in upper orbitals. This type of radiation is known as
X-ray fluorescence (XRF) and evidently is always accompanied by photoelectron

emission [75].

The electron transition from upper to lower orbital releases a photon with an
amount of energy equivalent to the energy difference between the initial and final
orbital. Then, the wavelength (4, in m) of fluorescent radiation can be calculated from

Planck’s postulate:
h-c
N=— 2.9
: (2.9)

where h is the Planck’s constant (4.136-10%> eV:s), c is the light speed (299.79- 10° m

s) and E is the energy difference.

The configuration employed in this thesis to analyze the fluorescent radiation

consists of separating X-beams by its characteristic wavelength (wavelength-dispersive
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analysis) using a monochromator crystal. By means of diffraction, the crystal is able to
filter radiation and redirect it to the detector (X-ray counter). The intensity of each
characteristic radiation is directly related to the amount of each element in the sample,

which allows determine its chemical composition.
Experimental protocol

Prior to the analysis, the sample was mixed with a flux composed by lithium
tetraborate (66%) and metaborate (34%) in 20/1 ratio. Then, the solid mixture was
melted at around 1200 °C in an induction oven, obtaining a solid pearl with

homogenous composition.

The chemical analysis of the pearl was carried out by AX/OS spectrometer model
of PANalytical house with a rhodium tube and three detectors (gas flow, scintillation
and Xe sealing). The intensity of the X-ray radiation was converted into chemical
composition by calibration curves of well-characterized international rock and mineral

patterns.

The measurements were performed in Rocks and Minerals Analysis Unit of the

general X-ray service of SGlker.
2.3.3.3. X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a surface-sensitive analysis method that
provides valuable information complementary to that of XRD, such as surface
elemental composition and chemical state. This technique is based on photoelectric
effect and consists in exciting a surface by X-ray photons so that electrons of the sample
to be studied are extracted. For this to happen, the energy of the photon must be
higher than the one with which the electron is attached to the atomic orbital, i.e.,
higher than its binding energy. Then, the kinetic energy (KE, in eV) at which the electron
is expelled from the atom is equal to the X-ray photon energy (hv) minus its binding
energy (BE, in eV) and work a function (® ) or the minimum thermodynamic work to

bring electrons from solid surface to a point in the vacuum space [76]. However, in
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practice, a small correction (d) must be included due to contact potential between

instrument and sample and, hence, energy balance is redefined as:
KE=hv-BE-®-6 (2.10)
where h is the Planck constant (4.136:10%> eV:s) and v is the photon frequency (s%).

Note that for photoelectrons to leave the sample into the vacuum, they must
travel through the bulk avoiding inelastic collisions, recombination or trapping in other
atoms, which reduce their free paths as the depth increases. For that reason, most
electrons that reach XPS detector come from the top layers rather than depth ones,
providing exclusively surface information (34 depth). The detector is able to measure
the amount of incoming electrons as well as is its kinetic energy, allowing the
representation of photoelectronic intensity as function of binding energy. The binding
energy value will depend on the nuclear charge (the higher the atomic number (2) of
the element, the higher the BE) and the type of the atomic orbital in which the electron
is located (s, p, d or f), being BE higher as the position is closer to the nucleus. Then, to
each element corresponds a set of characteristic XPS peaks at various BE, which are
registered at different databases. In practice, the position of recorded photoemission
peaks can be slightly shifted compared to that of database, due to a different charge
state of the element. This ‘chemical shift’, which is usually discussed in literature,
provides information about oxidation state, ligand electronegativity as well as the type

and number of atom bindings in a compound.
Experimental protocol

The analysis was conducted on a SPECS XPS system equipped with Phoibos 150
1D-DLD detector, Ko monochromatic radiation source and “flood gun” to compensate
the contact potential. The spectrophotometer first accomplishes a fast BE survey scan
in steps of 40 eV to detect all surface elements and then, it performs high resolution
analysis in regions of identified elements (steps of 20 eV) with an electron exit angle of
90°. After that, spectra were analyzed by CasaXPS software in order to determine the

atomic surface composition of samples. First, the position of XPS peaks was amended
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using as pattern the C 1s transition, which appears at 284.6 eV. Then, the
deconvolution of the spectra was carried out by using pseudo-Voigth distributions and

Shirley-type background subtraction.

The XPS measurements related to alumina supported catalysts were performed in
X-ray unit of the Research Technical Services located in University of Alicante.
However, the experiments associated with zeolite supported catalysts were carried out
in X-ray Photoelectron Spectroscopy unit of the general X-ray service of the University

of the Basque Country.
2.3.4. Temperature Programmed methods

Temperature Programmed (TPX) methods are frequently employed in
heterogeneous catalysis to perform investigation on reduction/oxidation (RedOx)
properties, study reagent adsorption, determine the probe gas-solid activation energy
or quantify the number and species of surface-active sites. In all these methods, sample
is exposed to programmed temperature changes and reactive probe gas, while its
physicochemical changes are monetarized. These little changes are indirectly and
precisely recorded by a Thermal Conductivity Detector (TCD), which diagram is

depicted in Figure 2.3.
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Figure 2.3. Wheatstone bridge diagram.

50



Experimental

TCD device compares the thermal conductivity of sample gas (reacted probe gas)
with that of reference gas (probe gas), generating a specific voltage difference. The
detector is a hot metal piece (katharometer) with two cavities though which gas flows.
Inside the cavities there are two pairs of filaments (one pair in each cavity) either
composed of platinum, gold, or tungsten at a temperature controlled by heating
resistances. The filaments are very sensitive to temperature changes and are

connected by an electrical circuit known as Wheatstone bridge.

According to this circuit, when the two pairs of filaments are at the same
temperature, the bridge is in equilibrium and no output current is generated. However,
when there is a change in outlet gas composition or thermal conductivity, filament
temperature varies generating a current. Therefore, a TPX profile is nothing more than
a representation of changes in thermal conductivity of outlet gas stream as function of

temperature.
2.3.4.1. Temperature Programmed Desorption

Temperature Programmed Desorption (TPD) is another complementary method
to volumetric chemisorption analysis. This method also provides valuable information
about chemical adsorption of gases on catalysts and consists of three steps: (i)
chemisorption of a probe gas up to saturation at starting temperature, (ii) removal of
physisorbed volume by inert flushing and (iii) subsequent desorption by linearly
increasing temperature [77]. Generally, the employed probe gas depends on the type
of molecule to be adsorbed as well as catalytic property to be known. Then, in this
thesis, Temperature Programmed Desorption of both CO, methanation reagents (CO;
and H,) were carried out. CO,-TPD provides information about the type of basicity of
catalyst or basic support, whereas H,-TPD is used to determine the H, adsorption

capacity of the metallic surface.

Normally, the chemical nature of all surface active sites over which chemisorption
of reagents can take place is not equal, which means that each type of active site
interacts with probe gas with different strength and that desorption from them will

occur at different temperatures. Therefore, information on the amount and strength
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of active sites can be extracted measuring quantitatively the volume of desorbed gas
from TPD peaks integration at different temperatures. However, it should be
mentioned that this technique present limitations and it is recommended to
complement which other techniques such as infrared spectroscopy in order to better

define the type of adsorbed species and basic sites.
Experimental protocol

Temperature Programmed Desorption studies of CO, and H; were conducted on
a Micromeritics AutoChem 2920 instrument coupled to a MKS Cirrus mass
spectrometer. In CO,-TPD experiments, first, samples were subjected to different
pretreatments depending on their formulation to clean up their surface from
impurities, mainly removing adsorbed water and CO,. Ni/Al,O03 and Ru/Al,O; catalysts
(in chapter 3) were reduced under 5%H,/Ar flow for 60 min at 500 °C and 30 min at
300 °C, whereas La,03/Na-BETA samples (in chapter 6) were pre-treated at 500 °C for
60 min under He flow. Then, after cooling down to 50 °C, CO; adsorption step was
performed by feeding 50 cm?® STP min™ of 5% CO,/He flow until saturation. Thereafter,
the samples were flushed out with helium for 60 min to remove weakly adsorbed CO,
from the surface. Finally, desorption was carried out from 50 to 850 °C with a heating
rate of 10 °C min* as the CO, desorption was continuously monitored with TCD and
mass spectrometer. By these experiments surface basicity and basic sites distribution

were analysed.

On the other hand, H,-TPD experiments were performed following an analogous
protocol. First, the metal surface of samples was reduced and cleaned up by 5%H,/Ar
gas stream at 500 °C for 30 min and then cooled down to 50 °C. After that, a 50 mL
min? stream of pure hydrogen was fed long enough for complete adsorption or
saturation (around 1 h). Subsequently, catalysts were flushed out with Ar for 30 min in
order to remove physisorbed H,. Finally, the desorption was conducted increasing the
temperature up to 850 °C at 10 °C min? heating rate. These experiments allowed us
determining the hydrogen chemisorption capacity as well as chemisorption strength

distribution of monometallic and bimetallic catalysts (in chapter 4).
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2.3.4.2. Temperature Programmed Reduction with H;

The Temperature Programmed Reduction (TPR) is a technique widely used in
heterogeneous catalysis in particular when the active phase precursors are metal
oxides. In a typical TPR run, the sample is exposed to a gaseous reducing agent and
temperature is increased at constant rate up to its complete reduction. Throughout
this method the reducibility (temperature for complete reduction) or the reduction
degree at a given temperature (reduced metal fraction at such temperature) can be
determined [78].

Generally, H; diluted in inert gas (Ar) is the most used mixture to reduce the
sample although other reducing agents, such as CH, and CO, are also employed. So, in
this thesis, Temperature Programmed Reduction with H, (H.-TPR) were performed to
study the reduction events of Ni and Ru supported catalysts. A H,-TPR profile is usually
composed by several H, consumption peaks and bands at different temperature, which
are characteristic of different reduction events or metal oxides species in the catalyst.
From integration and knowing the reduction stoichiometry of the profiles, the
reducibility, reduction degree and amount of each species can be estimated. However,
note that there are some factors to be considered such as reduction agent flow and
concentration, sample mass, particle size and heating, which can affect the integration

accuracy.
Experimental protocol

Hydrogen Temperature Programmed Reduction (H,-TPR) experiments were also
carried out on Micromeritics AutoChem 2920 instrument. As in TPD runs, samples were
pre-treated or cleaned at different conditions. Ni-based catalysts were submitted to Ar
flow at 350 °C to remove moisture and weakly adsorbed CO,, whereas La,03; containing
samples were oxidized by 5% O,/He flow at 500 °C to burn strongly adsorbed
carbonates. In all cases, the reducing gas flow was 50 mL-min™ of 5% H,/Ar and the
temperature was raised from 50 to 900°C with a heating rate of 10 °C min™. The water

formed during reduction was trapped using a cold trap and the hydrogen consumption
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was continuously monitored with the TCD detector. From TPR profiles, the reducibility,

reduction degree as well as number of reducible species were estimated.
2.3.5. Electron microscopy

Electron microscopy comprises a set of techniques that provide information
regarding textural and structural properties as well as elemental composition of
catalyst at nano scale, which makes it a powerful characterization tool. In this thesis,

Current and Scanning Transmission Electron Microscopies were employed.
2.3.5.1. Transmission Electron Microscopy

In Transmission Electron Microscopy (TEM) method, is fundamental irradiating
the sample with an electron beam to form an image. According to this technique, first,
the electrons are emitted by a filament and accelerated by a potential difference.
Subsequently, electrons are highly focused though condenser lenses to form a beam
perpendicular to the sample so that only the sample area is irradiated. Then, as part of
the beam is transmitted though the sample, electrons are dispersed as a consequence
of interaction with sample atoms. Finally, the scattered electrons are refocused,

magnified and sent to a fluorescence detector, where sample image is imprinted [79].

Unlike light microscope, transmission electron microscope allows to magnify
images of very thin samples down to atomic resolution due to smaller de Broglie
wavelength of the electron. In heterogeneous catalysis, this enable visualizing
morphology and size of metal particles, from which distribution and dispersion can be
calculated. Moreover, if resolution is high enough, this technique even allows
differentiating lattice fringes of crystals in order to determine their preferential

orientation and shape.

Along this thesis, the particle size distribution of monometallic catalysts was
determined by measuring the diameter (d, in nm) of at least 200 particles from TEM
micrographs. Furthermore, the mean metal dispersion (Due) was estimated applying
the d-FE model [80] as follows:
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5.01d, > n,-d’ +2.64d3 > n, -di®
D,,.(%)= J d x100 (2.11)

Zni -d?

where dj, d; and diare the diameters of the

wrn o urn
|

and “k” particles, n; is the number
of particles with diameter d, n;is the number of particles with diameter d; (d; > 24.0dx),
ni is the number of particles with diameter di (dk < 24.0 dat) and da: is the atomic
diameter of Ni (da: = 0.298 nm) or Ru (dat = 0.356 nm).

Experimental protocol

The micrographs of the monometallic catalysts were obtained by a TECNAI G2 20
TWIN microscope of FEI company, which can operate with a nominal voltage up to 200
kV and is equipped with a thermionic emission electron gun (LaB¢ filament) along with
EDAX-EDS microanalysis system. Those devices allow the microscope to obtain TEM
micrographs with resolution up to 0.24 nm and performing surface chemical

composition analysis.

All powder samples were mixed with ethanol solvent and kept in an ultrasonic
bath for 15 min in order to attain a good suspension. After that, a drop of suspension
was spread onto a TEM copper grid (300 mesh) covered by a holey carbon film for each

sample. Finally, the grids were dried under vacuum to remove the solvent.

The measurement were carried out by the Electronic Microscopy and Material

Microanalysis Service of SGlker.
2.3.5.2. Scanning Transmission Electron Microscopy

Normally, TEM microscopes are equipped with extra scanning coils and detectors,
allowing them to work in Scanning Transmission electron Microscopy (STEM)
configuration. The main difference comparing to TEM configuration is that the electron
beam is focused on a specific point of the sample, rather than on the entire surface.
Thus, in this case, a scanning of the surface by a raster illumination system allows to

visualize here again the magnified image of the sample with higher resolution. STEM
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microscopes require exceptionally stable room environments, being the level of
vibration, temperature fluctuations, electromagnetic waves and acoustic waves
limited in the room housing of the microscope in order to obtain atomic resolution

images [81].

Due to their surface scanning capacity, STEM microscopes are usually coupled
with High-Angle Annular Dark-Field (HAADF) detector and Energy Dispersive X-ray
(EDX) instrument. Unlike the conventional detector, HAADF imaging mode collects
incoherently scattered electrons that do not pass through the sample by means of an
annulus around the beam, which gives an advantage in terms of signal collection
efficiency (it collects more electrons). For that reason, this method is quite more
sensitive to variations in the atomic number (Z2) of atoms in the sample. The high
dependence on Z makes HAADF a useful imaging mode to identify small areas of an
element with a high Z (metal particles) on a matrix with a lower Z (support). On the
other hand, EDX analysis allows determining the elemental composition of the sample
from X-ray emitted from the sample, as in the X-ray Fluorescence (XRF) method.
Commonly, HAADF imaging is performed in parallel with EDX analysis, so that

elemental composition mapping can be depicted over the STEM-HAADF image.
Experimental protocol

STEM micrograps and elemental EDX-maps were obtained by a Titan Cubed G2 60-
300 microscope of FEI Company with very high resolution. This instrument is fitted with
a high-brightness Field Emission electron Gun (X-FEG), a monochromator, CEOS GmbH
Cs-corrector for spherical aberration and Super-X EDX system working together with
high annular dark field (HAADF) detector for Z contrast imaging and elemental mapping
in STEM conditions (camera length of 185 mm). The nominal size of the electron probe
used for STEM and EDX maps was 0.5 nm, the probe current was 170pA and the
semiconvergence angle was 14 mrad. High-angle annular dark-field (HAADF-STEM)

images were collected with an inner detector radius of 63.5 mrad.

The preparation of samples was carried out following the same procedure as for

TEM measurements. The measurements, by contrast, were carried out in “Rosalind
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Franklin” special module by the Electronic Microscopy and Material Microanalysis

Service of SGlker.
2.3.6. Long-wavelength radiation spectroscopy

In addition to short-wavelength X-rays, there are other less energetic
electromagnetic radiations from which useful information can be extracted after
having interacted with matter. Like X-radiation, they are classified attending their
energy or wavelength. In order of decreasing energy, the types of radiation on which
the characterization techniques are based are the following: ultraviolet, visible and

infrared radiations.
2.3.6.1. Ultraviolet-visible-Near Infrared Diffuse Reflectance Spectroscopy

Ultraviolet-visible-Near Infrared Diffuse Reflectance Spectroscopy (DRS UV-
Vis-NIR) is a very useful technique for structural and qualitative characterisation of
solid samples. The method is based on the fact that materials are capable of absorbing
light rays with certain wavelengths by its valance electrons. As consequence of the
absorption, such electrons are excited and transferred from highest occupied (HOMO)
to lowest occupied (LUMO) molecular orbitals. In return, the radiation that has not
been absorbed is diffusively reflected defining the colour of the material. Therefore, it
can be known at what specific wavelengths the material has adsorbed radiation

knowing the amount of incident and diffusively reflected light [82].

The UV spectrophotometer is able to measure the intensity of the light diffusively
reflected by the sample (/) by a photosensitive cell and compares it to the intensity of
light reflected from a reference material (o), obtaining a reflectance percentage (%R).
After that, from diffuse reflectance experimental values and applying the
Schuster-Kubelka-MunK or SKM model the absorption spectrum is obtained. This
spectrum provides information related to the type and oxidation state of species in the
catalyst, coordination of metal cations, bandgaps and the presence as well as nature

of defects.
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Experimental protocol

UV-Vis-NIR measurements were carried out in a Varian Cary 5000 apparatus
coupled to a Diffuse Reflectance Internal 2500. The samples were finely grinded and
the spectra, which were registered in reflectance mode at RT, were converted into

absorbance spectra by SKM function in a range of wavenumber from 200 to 2500 nm.
The analysis was done by the Bizkaia Central Analysis service (SCAB) of SGlker.
2.3.6.2. Fourier transform infrared spectroscopy

The Fourier Transform infrared spectroscopy is one of the basic techniques for
characterization of heterogeneous catalysts, since it provides information regarding
the type of adsorbed molecules and functional groups. Infrared spectroscopy exploits
the fact that molecules absorb IR frequencies that are characteristic of their structure.
These absorption and consequent molecule vibration only take place when the
frequency of IR radiation matches the vibrational frequency of the molecule, i.e., at
resonant frequencies. These frequencies are associated with the strength of the bond
and mass of the atoms at its ends. Therefore, depending on its structure, a molecule
can vibrate in different ways or modes. Generally, the vibration can generate either a
change in the bond length (stretching) or in the bond angle (bending) [83]. Likewise,
the bond can stretch in-phase (symmetrical stretching) or out-of-phase (asymmetric
stretching) and also it can bend in phase (scissoring and rocking) and out-of-phase

(twisting and wagging), as depicted in Figure 2.4.

Normally, FTIR analysis is conducted on cells provided with control of pressure,
temperature and composition of the atmosphere. In fact, these devices are able to
monitor catalytic reactions in situ [84]. On the other hand, the Michelson
interferometer is the most important part of modern IR spectrometers, since allows
the simultaneous analysis of all wavenumbers avoiding the presence of a
monochromator. The interferometer consists of two perpendicular mirrors of which
one is mobile and can change the path of the beam. Among them an IR beam splitter

is placed, where part of the beam coming from the source is reflected towards first
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mirror and the other part is transmitted towards the second mirror. After bouncing,
the beams go back to the splitter where interfere and again, one part is transmitted
and the other is reflected. However, the interference between the two beams will
depend on the path difference between them, being able to draw an interferogram
varying the position of the mirror. Finally, the interferogram is converted to IR spectra
by Fourier transforms. The FTIR spectra is formed by several peaks and bands at specific
frequencies or wavenumbers (the number of waves per cm), which are characteristic

of different adsorbed species on catalyst surface.

- . Q

Symmetric stretching Symmetric bending Symmetric bending
vibration (both outside vibration in a plane vibration out of a plane
atoms move away from (scissoring) (twisting)
or toward the center)

7~ a @
Asymmetric stretching Asymmetric bending Asymmetric bending
vibration (as one atom vibration in a plane vibration out of a plane
moves toward the center, (rocking) (wagging)

the other moves away)

Figure 2.4. Vibration modes leading to IR absorptions.

Experimental protocol

Operando FTIR spectra were collected using an In-Situ Research Instruments IR
cell, coupled to a Nicolet 6700 spectrometer equipped with Mercuric Cadmium
Telluride (MCT) detector and Michelson interferometer. The experimental setup also
contains a feed system formed by two lines, two mixers and a set of Mass Flow

Controllers (MFC) to introduce different gas mixtures of H,, CO; and Ar. Additionally, a
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6-way valve allows quickly switching the gas stream to work in non-stationary

conditions (e.g., CO; adsorption/reduction experiments).

Powdered samples were pressed at 1.5 tons into 10 mg cm™ wafers which, prior
to the experiments, were in situ activated/reduced at 500 °C for 1 h under a 5% Hy/Ar
flow of 20 mL min™. After pretreatment, wafers were cooled down under Ar flow to
150 °C, being background spectra collected every 25 °C. After that, Operando FTIR
experiments were carried out under either CO, adsorption or methanation conditions.
CO, adsorption tests were carried out by exposing samples to a 20 mL min? stream of
5% CO,/Ar, whereas in CO, methanation experiments a 5% CO,/ 20% H/Ar gas mixture
was used. In both cases, experiments were carried out in two steps. Firstly, the used
gas mixture was stabilized during 30 min and a series of spectra were collected at 0, 1,
3,5, 10, 15 and 30 min. Secondly, Temperature Programmed Adsorption (TPA, CO,/Ar
flow) or Temperature Programmed Surface Reaction (TPSR, CO,/Hy/Ar flow) was run
from 150 to 450 °C using a heating rate of 2 °C min’. Note that the depicted spectra
were obtained by subtraction of those recorded under reaction/adsorption conditions
every 25 °C and those corresponding to backgrounds. All FTIR spectra were obtained

recording 64 scans with a resolution of 4 cm™.
2.4. REACTION SYSTEM

The reaction system employed to study the catalytic performance of all
formulations synthesized in this thesis was a Microactivity apparatus of PID Eng&Tech

company.
2.4.1. Reaction set-up

The experimental equipment is divided into three sections: feed, reaction and

analysis sections.
2.4.1.1. Feed section

The feed section consists of 5 pressurized lines (P = 5 bar) by which inert gases as

well as reagent and products involved in CO, methanation can be fed: H,, CO,, CH,4, CO,
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He and N,. The feed is carried out by a set of Bronkhorst Mass Flow Controllers (MFC),
which precisely regulate the flow rate. Through 1/8-inch pipes, the gases first go to a
mixer where the homogeneous reaction stream is formed and then either enter the
reactor or bypass it by a 6-way valve. Additionally, water can be fed by means of a
GILSON 307 pump connected to a 1L deposit. The pump sent water to an evaporator
at 150 °C which is located inside the reaction section. Before entering the reactor,

water vapor is diluted in the gaseous mixture by a second mixer.
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Figure 2.5. Reaction system flow diagram.

2.4.1.2. Reaction section

The reaction section comprises a downflow fixe-bed reactor made of stainless
steel (L =305 mm). Its external (Dext) and internal (Dint) diameters (D) measure 143 and
91 mm, respectively (L/D = 3.35). The reactor is centered in a cylindrical and ceramic

oven, which contains heating resistances. At a certain height, the reactor has a porous
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plate, which allows supporting the catalyst bed and exit of reaction gases. The reaction
temperature is measured by a K-type thermocouple in contact with the catalyst bed
and is controlled by TOHO TTM-005 device, which regulates oven resistance power by
sending electric signals according to temperature measurements of the thermocouple.
Note that the reactor is designed in such a way the catalyst bed is situated in an ideally
isothermal zone of 4 cm. Moreover, the reactor and oven are located at a stainless-
steel insulating chamber (hot box) at 130 °C, which prevents materials from thermal
stress and avoid water condensation within the pipes. Downflow the reactor, there is
a Peltier cooling module where the produced water is condensed and retained in a

deposit before entering to the analyzer.
2.4.1.3. Analysis section

The outlet gas stream composition was analyzed by Gas Chromatography (GC),
which is a physical method through which a gaseous mixture compounds can be
separated. In a gas chromatograph, a small volume (0.5 cm?) of reaction mixture is
injected and subsequently dissolved in a fluid (He or Ar) called mobile phase, which
carries it through a fixed porous material or stationary phase (column). Due to each
component present different interaction (adsorption-desorption cycles) with the
stationary phase, their retention time is different, i.e., they travel at different apparent
speeds within the mobile phase so that they leave the column at different times. Then,
they enter separately into a TCD detector, where they put in contact with a warm
filament (250 °C). The different thermal conductivity of each compound causes a

change in filament temperature that is converted into an electric signal.

In this thesis, the analysis was conducted on-line in an Agilent 7890B gas
chromatograph. This equipment includes an oven in which the two separation
channels (A and C) are placed and two TCD detectors located at the exit (one for each
channel). Channel A uses Ar as carrier gas and contains a molecular sieve column able
to separate He, H; and N,. On the contrary, Channel C employs He as carrier fluid and
is comprised by two columns in series. The first is of HayeSep type and is used to
separate CO,from heavier hydrocarbons (C;*), whereas the second is a molecular sieve

column in which N, CH,s and CO are separated. Besides, this channel disposed of a
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needle valve that allows bypassing molecular sieve column avoiding the entry of CO..
the head pressure of each channel is adjusted by Electronic Pressure Controllers (EPC)

and oven temperature by a Temperature Indicator Controller (TIC).
2.4.2. Reaction conditions and activity parameters

CO, methanation reaction was performed in a downstream fixed bed reactor (ID
= 9 mm). In all cases, except for kinetic experiments, the stainless-steel reactor was
loaded with 0.5 g of catalyst particles (d, = 300-500 pm), which were diluted to 50%
(v/v) with quartz particles in order to avoid hot spots. The Ni and Ru catalysts prepared
by IWI were firstly reduced at 500 and 400 °C for 1 h with 20% H,/He, respectively. The
samples prepared by GAl were also reduced but at 250 °C in order to remove the
passivated nickel layer. After cooling down the samples to 200 °C with He (inert gas),
the temperature was raised up to 400 or 500 °C in steps of 25 °C under reactant stream.
This gaseous mixture was composed of 16% CO; and of either 64% H, (H»/CO; = 4) or
80% H, (H2/CO, = 5), balanced up to 100% with He (total flow of 250 cm® min?). All
reactions, were carried out at atmospheric pressure, WHSV of 30,000 mL h? g and
GHSV of 10,000 h! (note that Vhed = Veat. +Vinert).

The catalytic performance was evaluated by CO, conversion (X, ), CH4/CO
products selectivity (S, or S.,)and yield (Y., and Y. ) which were calculated from

reactor inlet and outlet molar flows according to the following equations:

. Fcigz B coc;JZt
w0, =—=—x100 (2.12)
co,
FOUt
CH, :ﬁxloo (213)
co, ~ 'co,
FOUt
o =—Fi” COFout x100 (2.14)
co, ~'co,
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SCH CH,
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where F;is the inlet or outlet molar flow of component “i” in mol min™,

Finally, the TurnOver Frequency (TOF) numbers, which indicate the number of CO,
molecules converted per second and per surface metal atoms (active sites), were

calculated as follows:

1o, (MOI CO, 82, 7)) FB x X0 XMW,
TOF,, = * (2.17)
Sue (mol Me g ) WD, xFy,

cat

where —r, is the reaction rate in mol g* s™ calculated under differential reactor

conditions (XCoz < 10%), Sme are the surface metal moles, MW is the mass weight of

the metal in g mol™?, W is the catalyst weight in g, Due is the metallic dispersion and Fue

is the mass fraction of metal in the catalyst.
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ALUMINA-SUPPORTED Ni AND Ru CATALYSTS

ABSTRACT

The present chapter presents a study of the effect of Ni and Ru loadings on
the catalytic performance of alumina-supported catalysts for CO;
methanation reaction. All catalysts have been prepared by Incipient Wetness
Impregnation, characterized by several techniques (N2 physisorption, CO,-
TPD, XRD, H,-chemisorption, XPS and H»-TPR) and evaluated for CO;

methanation in a fixed bed reactor at GHSV = 10,000 h™ and W / FC%Z =4.7 (g

cat.) h mol®. Characterization results show that addition of increasing
loadings of Ni and Ru lead to the formation of both CO, adsorption and H>
dissociation active sites, which are necessary to carry out CO, hydrogenation
into methane. Easily reducible ruthenium is dispersed on y-Al;O3 in form of
large agglomerates, whereas Ni presents a higher dispersion and, in return, a
great interaction with the support. 12% Ni and 4% Ru result to be the optimal
contents providing metal surfaces of 5.1 and 0.6 m? g, Tsovalues of 340 and
310 °C and activity being quite stable for 24h-on-stream. In terms of turnover
frequency (TOF), 4%Ru/Al,0s is quite more efficient than 12%Ni/Al,0;3
catalyst, probably due to a greater ability of the noble metal to dissociate
hydrogen.
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3. ALUMINA-SUPPORTED Ni AND Ru CATALYSTS

Commonly, catalysts used in CO, methanation consists of group VIII transition
metals (active phase) supported over mesoporous solids. The industrially used
v-alumina has proven to be an effective amphoteric support to carry out CO,
methanation [43, 85]. This support provides medium specific surface area (100-250 m?
gl) over which the active site can be well dispersed and contains certain surface
basicity (OH™ groups and surface O% Lewis basic sites) for CO, activation. Despite these
advantageous catalytic properties, alumina lacks high thermal stability which might
lead to sintering of the supported metal [86]. For that reason, before metal
incorporation, it is convenient a prior thermal stabilization at the maximum operating

temperature, although the specific surface area and pore volume are slightly reduced.

Regarding the active phase, it has already mentioned that Ni and Ru are the most
employed metallic elements of group VIII. While Ru is by far more active and selective,
its only disadvantage compared to nickel is its exorbitant price (S 750/0zt according to
ref. [87]). In recent literature, there are many works that report separately the catalytic
performance of Ni-based and Ru-based formulations at different operating conditions,
which makes the comparison between both metals difficult. Previously, Garbarino et
al. [85] reported the better catalytic behaviour of commercial 3%Ru/Al,O; compared
to 20%Ni/Al,O5 catalyst, observing that the former attains equilibrium conversion at a
temperature 100 °C lower (300 °C vs. 400 °C).

Note that the activity of the supported catalyst will not only depend on the metal
type but also on the metal loading and dispersion. Normally, rising the metal loading
or active phase content leads to increased catalytic activity only up to a limited extent,
as this in turn also results in a dispersion decrease due to particle sintering at the
expense of new active sites formation. Then, the more active, selective and stable
catalyst will typically be the one with the best compromise between metal content and
particle size [48, 88]. All things considered, we prepared two series of Al,Os-supported
Ni and Ru catalysts by Incipient Wetness Impregnation (IWI, section 2.2.1) with

loadings that assure metal particle size to be effective to dissociate H, and activate CO,
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reduction. This chapter aims to compare both formulations at the same reaction

conditions and to study the effect of metal loading.
3.1. CHARACTERIZATION

Among others, specific surface area, surface basicity, metal dispersion and
reducibility are considered key catalytic parameters to achieve an effective and
selective CO; hydrogenation into CHi. A CO; methanation catalyst should present high
metal and specific surface areas, medium-strength basic sites and high reducibility.
Furthermore, the active site must be efficient in H; dissociation and the support should
be basic to attract and activate CO.. In that way, the catalyst must be able to effectively
adsorb CO;, then hydrogenate and, finally, desorb CH, at low-medium temperature.
Thus, the supported catalysts have been characterized by N, physisorption, CO,-TPD,
XRD, H,-chemisorption, H,-TPR and XPS providing information about surface
properties, crystallinity and metal dispersion as well as the nature of Ni and Ru species.
In this section, all the characterization results of Ni/Al,0; and Ru/Al,O; catalysts are

compared and discussed.
3.1.1. Surface properties

Figure 3.1 shows the N, physisorption isotherms as well as the pore size
distribution of alumina support used for the prepared catalysts. As it can be noticed,
the shape of the isotherms is characteristic of mesoporous solid: a great quantity of N,
is adsorbed at intermediate relative pressures by multilayer filling with a hysteresis
loop at relative pressures higher than 0.65 (type IV isotherm and H2 hysteresis loop
according to IUPAC). The values of BET surface area, mesopore volume and average
pore size for fresh y-Al,05 are 214 m? g%, 0.563 cm® g and 10.1 nm, respectively (Table
3.1). These values are high enough to perform the impregnation of large metal
loadings, allowing the present chapter concerning the effect of active phase content.
Textural properties of alumina-supported Ni and Ru catalysts are also summarized in
Table 3.1. It can be observed that the raise of Ni content from 4 to 20% leads to a
gradual decrease of specific surface area and mesopore volume from 214 m? g to 131

m? gtand from 0.563 cm?® g to 0.326 cm® g%, respectively.
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Figure 3.1. N2 adsorption-desorption isotherms of y-Al>Os.

Table 3.1. Physicochemical properties of alumina-supported Ni and Ru catalysts.

NI/A' and SBETb Vimeso® dpored Des. CO>° Basicity

Sample Ru/AEF  (m2g?) (ecm3g?') (nm) (umolg?) (umol CO2m?2)
Al>,03 - 214 0.563 10.1 69 0.32
4%Ni/Al>03 0.038 191 0.435 8.8 80 0.42
8%Ni/Al>03 0.079 175 0.383 8.4 72 0.41
12%Ni/Al203 0.122 160 0.373 9.0 71 0.44
16%Ni/Al203 0.175 147 0.369 9.7 68 0.46
20%Ni/Al20s3 0.224 131 0.326 9.6 65 0.50
1%Ru/Al203 0.007 198 0.411 8.0 50 0.25
2%Ru/Al>03 0.015 193 0.429 8.4 51 0.26
3%Ru/Al>03 0.021 185 0.417 8.5 43 0.23
4%Ru/Al,03 0.029 172 0.382 8.5 38 0.22
5%Ru/Al>03 0.032 179 0.425 9.1 48 0.27

2Determined by XRF.

bCalculated applying BET fit (Equation 2.2).

‘Estimated from adsorption isotherm (Vags. at P/Po = 0.98).
9Determined by BJH method (Equation 2.3).

¢Estimated from CO2-TPD profiles integration up to 350 °C.
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These changes in textural properties are related to partial blockage/filling of
alumina mesopores with NiO aggregates and/or to partial collapse of the mesoporous

structure [44, 89, 90]. Note that similar trends are observed when varying Ru loading.

Additionally, the effect of Ni and Ru incorporation on the surface basicity was
studied by means of CO,-TPD. Figure 3.2 shows the CO,-TPD profiles for y-Al,O3 and for
the catalysts with the highest contents of Ru and Ni, i.e., 5%Ru/Al,03; and 20%Ni/Al,Os.
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Figure 3.2. CO2-TPD profiles of y-Al.03 support, 20%Ni/Al.03 and 5%Ru/Al>Os catalysts.

The prepared samples contain different CO, adsorption sites (OH™ groups and
surface 0%) with different strength. According to the desorption temperature or
chemical bond strength, basic sites can be classified into weak (T < 150 °C), medium (T
= 150-350 °C) and strong (T > 350 °C) [44, 91]. It can be observed that bare alumina
presents a single desorption peak at 105 °C, assigned to CO, desorption from weak
Bronsted OH™ groups [92]. Noteworthy, additional CO, desorption shoulder and peak
are observed around 200 °C and 275 °C by adding 20% Ni, which are associated with
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decomposition of both bidentate and monodentate carbonates from medium-strength
Lewis basic sites [45]. On the other hand, 5%Ru/Al,O; catalyst shows a new CO;
desorption peak at 425 °C, which might be attributed to decomposition of quite stable
bulk carbonates formed during calcination at 400 °C [93] rather than during the CO,-
TPD test. Unlike Ni/Al,O3 samples, Ru/Al,O3 catalysts are reduced at a temperature
lower than that of calcination, making difficult to remove this type of carbonates. It is
expected that this species, which probably is adsorbed on Al,03 surface, does not

participate in the reaction.

The CO; surface density quantification obtained from integration of MS 44 signal
up to 350 °C is also shown in Table 3.1 (last column). Note that the addition of
increasing Ni contents to Al,Os rises CO; surface density from 0.32 to 0.5 umol m?,
However, the basicity of Ru/AlO3 at T < 350 °C is lower to that of the support probably
due to the replacement of weakly adsorbed CO, by stable bulk carbonates during
successive calcinations. This increase of surface basicity with addition of Ni could
theoretically be explained in terms of electronegativity. The electronegativity values of
the elements that participate in CO, adsorption are 1.6, 1.9 and 3.5 for Al, Ni and O,
respectively. These values indicate that surface 0% and OH groups linked to Al must
contain higher negative charge density (lower basicity) than those attached to Ni. Then,
differences in electronegativity show that Al transfers more negative charge density
than Ni to surface 0%. Therefore, considering that CO; is an acid gas with a high
negative charge density, the sites with the highest CO, adsorption capacity (and the

lowest negative charge density) correspond to 0% (and OH™ if applicable) linked to Ni.
3.1.2. Crystallinity and metal dispersion

Crystalline phases of reduced catalysts were identified by X-Ray Diffraction. XRD
patterns of both calcined and reduced Ni/Al,Os; catalysts are shown in Figures 3.3a and
b, whereas those of Ru/Al,0; catalysts are displayed in Figures 3.3c and d. In all cases,
XRD peaks can be observed at 37.7, 45.8 and 66.8° 26, corresponding to gamma-
alumina (311), (400) and (440) diffraction planes, respectively (PDF 01-079-1558).
These broad peaks together with an elevated XRD signal background point out that this
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v-Al,Os is rather an amorphous than a crystalline solid, which makes the identification

of crystalline nano-particles more difficult due to peaks overlapping.
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Figure 3.3. XRD patterns of (a, c) calcined and (b, d) reduced gamma-alumina supported
catalysts with increasing Ni and Ru contents.

In fact, for Ni/Al,Os catalysts, the presence of crystalline Ni phases was only
detected for catalysts with Ni contents higher than 8%. NiO was identified for calcined
catalysts [43] (Figure 3.3a) and the appearance of XRD peaks at 44.3,51.7 and 76.1° 260
in Figure 3.3b revealed the formation of elemental Ni in reduced catalysts [58].
However, the presence of NiAl,O, (peaks located at 37.0, 45.0 and 65.5° 26) could not

be identified, since it contains the same spatial group with a similar cell parameter of

Al,Os (PDF 00-010-0339).
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Both crystallite sizes and Ni dispersion are summarized in Table 3.2. The XRD
patterns of catalysts with Ni content lower than 12% showed similar diffraction pattern
to original Al;05 (not shown), probably due to a high dispersion of Ni species (crystallite
sizes lower than 5 nm). Therefore, Ni crystallite sizes could be only estimated by

Scherrer formula (Equation 2.7) for 12, 16 and 20% Ni loaded catalysts.

Table 3.2. Crystallite sizes and metal dispersion of the catalysts.

Catalyst Crystallite size (hm)® Dispersion Metal surface
(DMe, %)b (SMe, m? g‘l)b

NiO or RuOz2 NiorRu

4%Ni/Al203 <5 <5 38.3 0.985
8%Ni/Al203 <5 <5 26.1 2.907
12%Ni/Al,03 <5 4.8 17.9 5.083
16%Ni/Al.0