N

N

New nano-oxide catalysts for CO2 hydrogenation
reaction
Dominik Wierzbicki

» To cite this version:

Dominik Wierzbicki. New nano-oxide catalysts for CO2 hydrogenation reaction. Catalysis. Sorbonne
Université; AGH University of Science and Technology (Cracovie, Pologne), 2019. English. NNT:
2019SORUS420 . tel-03016023

HAL Id: tel-03016023
https://theses.hal.science/tel-03016023
Submitted on 20 Nov 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-03016023
https://hal.archives-ouvertes.fr

'\ SORBONNE
UNIVERSITE

CREATEURS DE FUTURS
DEPUIS 1257

AGH

AGH University of Science and Technology Sorbonne Université

Faculty of Energy and Fuels Institut Jean Le Rond D’Alembert

PhD Thesis
New nano-oxide catalysts for CO, hydrogenation reaction

Nowe nanotlenkowe katalizatory do reakcji uwodornienia CO;

Dominik Wierzbicki

PhD supervisors:

Prof. dr hab. Teresa Grzybek (AGH, Krakow), supervisor
Prof. Maria Elena Galvez (SU, Paris), supervisor
Dr hab. Monika Motak (AGH, Krakow), co-supervisor

Prof. Patrick Da Costa, (SU, Paris), co-supervisor

Krakow 2018






OSWIADCZAM, SWIADOMY ODPOWIEDZIALNOSCI KARNEJ ZA POSWIADCZENIE NIEPRAWDY, ZE
NINIEJSZA PRACE DOKTORSKA WYKONALEM OSOBISCIE | SAMODZIELNIE ORAZ I1Z NIE
KORZYSTALEM ZE ZRODEL INNYCH NIZ WYMIENIONE W PRACY.

Dominik Wierzbicki






The research presented in this PhD thesis was carried out on Sorbonne University, Institut
Jean Le Rond D’Alembert and on Faculty of Energy and Fuels at AGH University of Science

and Technology within the cotutelle agreement between AGH in Krakow and UPMC in

Paris.

'\ SORBONNE
UNIVERSITE

CREATEURS DE FUTURS
DEPUIS 1257

ﬂ} 0’Alembert

N A Institut jean le Rond d'Alembert







Acknowledgements

I would like to thank my supervisors Prof. Teresa Grzybek, Prof. Maria Elena Galvez,
Dr hab. Monika Motak and Prof. Patrick Da Costa, for the patient guidance, encouragement
and advice they provided throughout my time as their student. | have been very lucky to have
supervisors who cared so much about my work, and who responded to my questions and

queries so promptly.

I would also like to thank all my colleagues from Faculty of Energy and Fuels, AGH

and Insitut Jean Le Rond D’ Alembert, SU for helping me keep things in perspective.

Finally, my deep and sincere gratitude to my Family for their continuous and
unparalleled love and support. This journey wouldn’t be possible without them, and I

dedicate this milestone to them.






List of Abbreviations

CCS — Carbon Capture and Storage

CCU — Carbon Capture and Utilization

CNs — Carbon nanotubes

CP — co-precipitation

DEA — diethanolamine

DFT — Density Functional Theory

DME — Dimethyl ether

DRIFT — Diffuse Reflectance Infrared Fourier Transformation
ECBM - Enhanced Coal Bed Methane Recovery
EGR — Enhanced Gas Recovery

EOR — Enhanced Oil Recovery

FT — Fischer-Tropsch synthesis

FTIR — Fourier Transform Infrared Spectroscopy
GHG — Greenhouse Gases

GHSV — Gas Hourly Space Velocity

HERFD-XANES — High Energy Resolution Fluorescence Detection X-Ray Absorption
Near Edge Spectroscopy

HTs — hydrotalcites

IAD — Integrated Absolute Difference

IGCC — Integrated Gasification Combined Cycle
ICP — Inductively Coupled Plasma

IMP — impregnation

LCF — Linear Combination Fitting

LDHs — Layered double hydroxides



MEA — Monoethanoloamine

MeOH — methanol

MTBE — methyl tert-butyl ether

MTG — methanol to gasoline

MTO — methanol to olefins

NP — nanoparticles

POM - partial methane oxidation

RWGS — Reverse Water Gas shift

SEM - Scanning Electron Microscopy
SSITKA — Steady State Isotopic Transient Kinetic Analysis
TEM — Transmission Electron Microscopy
TG — Thermogravimetry

TOF — Turnover Frequency

TPD — Temperature Programmed Desorption
TPR — Temperature Programmed Reduction
WGS — Water Gas Shift

XAS — X-ray Absorption Spectroscopy

XES — X-ray Emission Spectroscopy

XRD - X-ray diffraction

XRF — X-Ray Fluorescence



CONTENTS

1. INTRODUCTION

2. AIM OF THE PHD THESIS

3. CLIMATE CHANGE AND POSSIBLE SOLUTIONS

3.1
3.2.
3.3.
3.4.

Carbon dioxide emissions
Reduction of CO, emissions
Storage of captured CO>

Carbon dioxide utilization

4. CARBON DIOXIDE METHANATION

4.1.
4.2.
4.3.

Reaction Mechanism
CO2 methanation thermodynamics calculation

A review of CO. methanation catalysts

15
19

21
21
25
29
30
43
46
52
54

S. DOUBLE LAYERED HYDROXIDES -HYDROTALCITES-TYPE
COMPOUNDS

5.1.

Hydrotalcites preparation methods

6. EXPERIMENTAL

6.1.
6.2.
6.3.

6.4.

Thermodynamic analysis of CO, methanation reaction
Preparation of the catalysts

Characterization of the catalysts

X-ray diffraction (XRD)

Low temperature nitrogen sorption

Elemental analysis

Temperature Programmed Reduction (H2-TPR)
Temperature Programmed Desorption of CO, (CO2-TPD)
Transmission Electron Microscopy

X-Ray absorption and X-Ray Emission Spectroscopy

Methanation of carbon dioxide catalytic tests

RESULTS AND DISCUSSION
7. EFFECT OF NICKEL CONTENT

79
86
91
91
97
102
102
103
103
104
104
104
105
107

111
111



Physico-chemical characterization of fresh materials and hydrotalcite-

derived mixed oxides 111
Local environment of Ni in hydrotalcite-derived mixed oxides 116
Reducibility and characterization of the reduced materials 118
Catalytic performance 126
Effect of Gas Hourly Space Velocity (GHSV) 131
Conclusions 132

8. THE INFLUENCE OF PROMOTERS ON CATALYTIC
PERFORMANCE OF NI-HYDROTALCITES 135

8.1.

8.2.

8.3.

Influence of Fe incorporation 135
Physicochemical properties of Fe-promoted Ni-containing HT-
precursors and the derived catalysts 135

Reducibility and basic properties of Fe-promoted Ni-containing

hydrotalcite-derived mixed oxides 138
Activity and selectivity in CO, methanation 143
Conclusions 146
The influence of La promotion 149

Influence of lanthanum promotion using co-precipitation method 149
Physico-chemical properties of the catalysts 149
XRD analysis of fresh and calcined HT-derived La-promoted mixed
oxides 150
Reducibility of La-promoted Ni-containing hydrotalcite-derived

catalysts and characterization of reduced samples 152
Catalytic performance in CO, methanation 157
Conclusions 160

The comparison of La-promoted catalysts prepared by different methods
163
Physicochemical features of La-promoted Ni-containing HT-derived
catalysts 163
Reducibility and physico-chemical characterization of reduced

catalysts 166



Activity and selectivity in CO2 methanation 172

Characterization of the spent catalysts 177
Conclusions 178
9. OPTIMIZATION OF THE CATALYSTS 181
Physico-chemical properties of the optimized catalysts 181
Catalytic performance 184
Characterization of the spent catalysts 186
10. EXAMINATION OF THE PROMOTING ROLE OF
LANTHANUM — IN-SITU XAS AND XES STUDIES 189
High Energy Resolution Fluorescence Detection — X-ray Absorption
Near Edge Spectroscopy 190
ctc-XES 195
vtc-XES 198
Conclusions 200
11. GENERAL CONCLUSIONS 203
REFERENCES 211
SUMMARY 233
STRESZCZENIE PRACY 237
RESUME DE THESE 241
LIST OF FIGURES AND TABLES: 251

A. APPENDIX 257



New nano-oxide catalysts for CO, hydrogenation reaction

14




Chapter 1. Introduction

1. Introduction

Energy is one of the fundamental needs in modern society. It is forecasted that
consumption will increase further with the economic growth. The increasing energy
demand creates a number of challenges for the global population, whose energy
infrastructure relies largely on fossil fuels.

One of the important tasks is to mitigate the effects of greenhouse gas emissions
from fossil fuel combustion, which are rising continuously. The scientific community has
agreed that the increasing concentration of carbon dioxide from anthropogenic sources in
the atmosphere is responsible for the climate change and increasing of global average
temperature. According to the International Energy Agency the energy consumption is
responsible for ca. 69% of greenhouse gases emitted by humankind and CO; contributes
to 90% of the greenhouse gases released from energy consumption. The emissions of
carbon dioxide into atmosphere are growing with every year and reached a record value
of 36Gt in 2015, which forced governments to look for strategies for CO2 emissions
reduction. European Union set a long-term goal by year 2050, which implies the reduction
of greenhouse gases emissions by 80-95% with respect to the levels from 1990. In order
to reach this goal, different technologies have to be implemented, such as carbon dioxide
capture and storage (CCS) or capture and utilization (CCU). As CCS technologies have
a limited capacity and fossil fuels, as predicted, will still be the main source of energy,
CCU technologies, which in comparison to CCS are non-passive, seem to be a better
solution of this problem. The utilization of CO2 in comparison to storage is more
attractive, especially if it can be recycled into valuable chemical products such as e.g.
methane, methanol or higher hydrocarbons. Currently there are a few industrial processes

utilizing carbon dioxide, such as e.g. synthesis of polycarbonates, urea or salicylic acid
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[1, 2]. However, the amount utilized in these processes corresponds only to a few
percentages of the potentially available COx.

Moreover, the CO2 hydrogenation offers the storage of excess energy in the form
of chemicals, e.g. methane (or higher hydrocarbons), with hydrogen supplied via water
electrolysis using excess energy. Thus, for countries such as Germany, which renewable
energy sector is growing very quickly and a lot of excess energy is produced, such
strategy would be of great advantage. The infrastructure for gas transportation, that
already exists enables to use methane as an energy carrier. CO> hydrogenation is treating
carbon dioxide as raw material and may simultaneously lead to (i) production of gaseous
or liquid fuels (ii) reduction of carbon dioxide emissions and (iii) storage of the excess
energy in chemical compounds. CO> methanation may have also other applications, such
as e.g. syngas purification for ammonia production.

The CO; methanation reaction is thermodynamically favorable, however, the
complete reduction (to methane) of fullly oxidized carbon, is an eight electron reaction
with significant Kinetics limitations, which makes it necessary to implement an active
catalyst in order to achieve reasonable conversion degrees. Ni, Ru and Rh based catalysts
have been revealed as the most active materials for this process. The most widely studied
catalytic systems are nickel-based, presenting almost the same activity in methanation
and being much cheaper and more available than noble metals, making such catalysts
more interesting from a commercial standpoint. However, the catalytic activity and
selectivity at lower temperatures (250°C) still needs to be enhanced in order to introduce
this process on industrial scale.

The proposed strategies towards increasing the activity of the nickel-based
catalysts include the application of different supports and/or promoters. Basing on

literature reports concerning nickel-based catalysts for carbon dioxide methanation
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reaction, it is possible to define some crucial properties of catalysts for this process, such
as e.g basic properties and metallic nickel crystallite size. It postulated that medium-
strength basic sites are directly involved in the reaction of CO2 methanation. Another
report showed that CO> methanation is favored on catalysts with smaller metallic nickel
particle size. The positive effect of MgO addition to the catalysts, or its application as
support, was attributed to its high basicity, which enhanced CO; adsorption capacity on
the catalysts surface. Another important issue are promoters for this process e.g.
lanthanum was considered as support of this reaction because of its basic properties.

Among different materials considered as catalysts for CO. methanation,
hydrotalcites seem to be very promising. Hydrotalcite-derived materials possess some
unique properties coming from the precursor. The most important one is that the
composition of such materials can be strictly controlled during the synthesis. Different
types of cations introduced into the hydrotalcite structure are homogenously distributed,
as they are randomly arranged in the brucite-like layers. The product of thermal
decomposition of the precursor exhibits basic properties, which is crucial for the
methanation of carbon dioxide reaction.

The number of literature studies focused on hydrotalcite-derived mixed oxides as
catalysts for the process of carbon dioxide methanation is rather limited. Thus, there are
is a lot of uncertainties and open questions which need to be addressed, concerning:

- the influence of nickel content in brucite-like layers,

- the influence of promoters (e.g. La or Fe),

- the effect of different methods of promoter introduction.

The main goal of this PhD thesis is to fill these gaps. The main thesis is that
through the implementation of different Ni/Mg/Al ratios, different promoters and various

modification methods, it is possible to tailor the properties of the catalysts in order to
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increase their activity and selectivity in the reaction of carbon dioxide methanation. The

studies presented in this thesis confirm this hypothesis.
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2. Aim of the PhD thesis

The aims of this PhD thesis were to:

Prepare nickel containing hydrotalcite-derived materials, characterize them
using different techniques in order to establish their physico-chemical
properties and test them as catalysts in the reaction of CO2 methanation.
- Tailor basic and redox properties and determine the importance of both types
of sites in CO, methanation by varying the ratio of Ni/Mg.
- Establish the influence of lanthanum and iron as promoters on the catalytic
properties of hydrotalcite-derived mixed oxide catalysts.
- Establish the influence of different methods of La incorporation on the
catalytic properties of Ni/Mg/La/Al hydrotalcites.
The obtained results allowed to prove the hypothesis that the catalytic properties
of hydrotalcite-derived mixed oxides can be tailored, and that the appropriate composition
of the precursors allows to increase the catalytic activity in the reaction of carbon dioxide

methanation at low temperature and normal pressure.
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Chapter 3. Climate change and possible solutions

3. Climate change and possible solutions

The rising levels of CO2 in the atmosphere increased concerns and social
awareness about the climate change caused by the emission of greenhouse gases
originating from combustion of fossil fuels for power generation and other industrial
activities. Lowering the emissions of carbon dioxide from anthropogenic sources includes
the transition to carbon-free sources of electricity, such as renewables or utilizing biomass
as a feedstock for valuable chemicals, as well as CO, capture from stationary sources and
direct capture of CO, from the atmosphere. Apart from different technological status of
such methods, it should be considered that even the most advanced of them have some
limitations. Thus, it will be necessary to apply all these solutions in order to efficiently
reduce the CO, emissions. The transition to renewable energy sources, the most obvious
of the proposed solutions, creates an additional important problem, which is the energy
availability on demand. This requires the storage of excess renewable energy. One of the
proposed solutions is the storage in the form of chemical compounds. The carbon dioxide
hy drogenation offers the possibility of storage of excess energy from renewable sources
in the form of chemicals such as methane or higher hydrocarbons, with hydrogen

provided via water electrolysis.

3.1. Carbon dioxide emissions

The emissions of carbon dioxide into atmosphere are constantly increasing since the
pre-industrial era and reached the level of 36 Gt in 2015, resulting in a drastic increase of
COz concentration from ca. 280 ppm in the end of 1800s to ca. 405 ppm in November
2017, with an average growth of ca. 2ppm per year in the last 10 years. According to
International Energy Agency (IEA), the energy consumption is responsible for ca. 69%

of greenhouse gases emitted by the humankind, with CO2 contributing to 90% of the
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greenhouse gases released from energy consumption. An additional problem is a huge
increase of 150% in global total primary energy supply, which was mainly caused by the
worldwide economic growth and development. Despite a large development of new
renewable, as well as nuclear energy sources, the total world energy supply has been
relatively unchanged over the past 40 years, and fossil fuels still are the main energy
supply contributing to ca. 82% of the worlds primary energy use. Carbon dioxide
emissions are strongly associated with the combustion of fossil fuels, with the highest
contribution of coal and oil. Until 2000 the emissions of CO2 caused by oil combustion
exceeded those from coal. The situation was changed due to the fast development of
countries such as China or India, which have large coal reserves, and the rapid increase
in the energy intensive industrial processes.

The main sources of carbon dioxide emission are:

- Electricity and heat production (42%),

- Transportation (23%), and

- Industry (19%).

As many countries, such as China, India or Poland, still strongly relay on fossil
fuels, it is predicted that the situation will not change in the coming years.

The top CO2 emitters are China, USA, Russia, Japan, Germany, Korea, Canada,
Iran and Saudi Arabia and these countries account for two thirds of global carbon dioxide
emissions [3]. As shown in Fig. 3.1 the highest carbon dioxide emission region is Asia
with China being the number one emitter. In 2014 both largest emitters of CO> in the
world, USA and China, increased CO> emissions by 0.9% with respect to 2013. On the
other hand, European Union successfully decreased the emissions of CO; in 2014 by

5.4% due to the lower consumption of fossil fuels for power generation [4].
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2015) [5].

It is very important to understand the global driving factors of carbon dioxide
emission in order to find efficient solutions to reduce the GHG emissions. The growing
world population, increasing demand for energy and practically unchanged carbon
intensity of the energy mix, resulted in significant increase of CO2 emissions during few
decades. The increase of CO, concentration in the last 150 years was mainly caused by
well developed countries, which today apply GHG emissions reduction policies.
However, at the same time the developing countries emit huge amounts of GHG. Thus,
some efforts have to be undertaken by all countries in order to develop in a sustainable

way.
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The first international agreement, which forced countries to reduce greenhouse gases
emissions was the Kyoto Protocol linked to the UNFCCC - United Nations Framework
Convention on Climate Change, which was adopted in 1997 and implemented in 2005
[6]. The first commitment period stated that industrialised countries were obligated to
reduce the GHG emissions (CO2, CHs4, N2O, HFCs, PFCs, SFs) by 5% against 1900s
levels during years 2008-2012. The levels of reduction were specified for each
participating country and each GHG, depending on political and economic situation. In
the second commitment period from 2013-2020 the participating countries should reduce
the GHG emissions by 18% with respect to 1990s levels. In order to bring the protocol
into force, it requires ratification of two-thirds of 144 participating countries. Until now
175 parties have ratified the Paris Agreement out of 197. The Paris Agreement entered

into force on 4 November 2016 [7].

European Union has already implemented the 20/20/20 policy, which sets targets that

should be reached by 2020 [7]:

e GHG emissions 20% lower than those from 1990s levels,
e At least 20% share of renewables in the energy sector, and

e 20% improvement in energy efficiency.

In 2014 and 2016 the CO emissions in EU decreased by 5.4% and 0.4%, respectively
[7]. The European Union adopted also a new 2030 climate and energy framework in

October 2014, which sets three key targets to be reached by year 2030 [7], at least:

e 40% lower emissions of GHG than those from 1990s levels,
e 27% share of renewables in energy sector, and

e 27% improvement in energy efficiency.
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The development of low-carbon economy assumes that:

e EU should lower GHG emissions by at least 80% in comparison to 1990s,

e The milestones to achieve the goal are cuts by 40% and 60% by 2030 and 2040,
respectively,

e All sectors need to contribute, and

e The low-carbon transition is feasible and affordable.

3.2. Reduction of CO, emissions

In order to limit the temperature increase within 2°C by 2050, the International Energy
Agency developed a model, which showed that the annual carbon dioxide emissions
shouldn’t exceed 15 Gt. To achieve this goal, increasing both the energy efficiency and
the application of renewable energy sources have to be further developed. Since the
concept of CCS is limited, Carbon Capture, a combination of CCS and carbon utilization
CCU i.e. Utilization and Storage (CCUS) methods gained significant attention and are

believed to be the solution to this problem.

The first step to mitigate carbon dioxide emissions from the existing power generators
is COz capture, which is, or will be, applied to large scale stationary emission sources
such as e.g. fuel processing plants, as well as certain other industrial sources. Post-
combustion and pre-combustion, as well as oxy-combustion CO; capture technique are
the solutions proposed (Figure 3.2). Post-combustion CO; capturing systems, which are
the most widely studied, should remove CO: from outgases of industrial processes or
power plants, which enables the control of emissions. In the pre-combustion scheme,
carbon dioxide is removed before the fuel combustion to prevent its release into the
atmosphere. Pre-combustion CO> removal systems are usually applied to gasification

combined cycle plants, such as IGCC, where CO- originates from gasification and WGS
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reactions [8, 9]. On the other hand, in the oxy-combustion technique oxygen is used to
burn fuels, resulting in a concentrated CO- stream at the exit of the process [10]. Out of
these three methods, post-combustion CO, capture techniques are most technologically
mature and could be implemented at the existing applications. There are already some
examples using such solutions on a large scale. In 2014, the first coal-fired power plant
started CO> capture from flue gases (Boundary Dam power plant, 120 MW, Canada).
Another example may be the 320 MW power plant at Shady Point, USA firing coal or
co-firing coal and biomass, removing 15% of CO. from flue gas i.e. 800 t/day. Other e.g.
Petra Nova Carbon Capture, 1.4 Mt post combustion CO, capture, since January 2017

(Texas, USA,) or Illinois Industrial CCS (1 Mt injection capacity) [11].

Post Combustion Pre Combustion Oxyfuel Industrial Sources
1 \ \ ‘
e |
)
" s sificati Process carbon
Air combustion Gauﬁcat.lon/ Oxy-combustion
Reforming 2 release
P AN AN
/ g / \\> 80% CO, / !
Power Waste / N / M
and Heat gases Power 3 Co, Added value
5.15% CO. and Heat Separation products e.g.

ammonia,
cement, steel,

co, co,
Separation Separation

Combustion

Power
and Heat

Dehydration and CO,
Compression

transport
fuels

Figure 3.2 Carbon Dioxide Capture Systems From Stationary Sources (adapted from [12])

In case of the pre-combustion CO> capture system, carbon dioxide is captured after
the reaction of steam with carbon monoxide that remained after the reaction of the fuel
with oxygen or air and/or steam.

In the oxy-fuel combustion techniques the fuel reacts with a stream of pure oxygen,

resulting in a flue gas that consists mainly CO2 and H20. The main disadvantages of this
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method are high temperature of the flame resulting from combustion of the fuel in pure
oxygen, and high cost of oxygen separation from air. The flue gas may be returned to the
boiler in order to change the temperature.

The most often proposed post-combustion carbon dioxide capture technique is based
on absorption method and requires a CO> capturing absorbent, which will efficiently
remove it from a mixture of 4-14 vol.%. Due to the low concentration of carbon dioxide,
the flue gas stream forms a significant kinetic limitation for the development of such
capturing technology. The novel technologies are mostly focused on finding membranes
or adsorbents.

The technology of post-combustion CO> capture currently most developed is
chemical absorption. It is realized by scrubbing by an aqueous amine solvent. It has
already been applied on industrial scale [13]. In this process carbon dioxide is absorbed
in an aqueous solution at low temperature (close to ambient), followed by regeneration
of the absorbent by stripping with water vapor at 100-120°C. Water is subsequently
condensed in order to obtain pure CO2 [13]. The most commonly used absorbents are
monoethanolamine (MEA), diethanolamine (DEA) or potassium carbonate, out of which
MEA has been shown to have the highest efficiency and is thus most often proposed [10,
13, 14]. When new absorbents are developed their performance is compared to the
performance of MEA, which is used as a baseline [15]. The solution of the absorbent
contains around 20-30% of MEA dissolved in water in order to prevent corrosion [8]. The
major drawbacks connected with this technology is the low cyclic carbon dioxide capture
capacity of the absorbents, corrosive nature of the absorbents, the amount of energy
utilized for regeneration and losses of the absorbent due to degradation in the presence of

oxygen [16]. Additionally, the method requires appropriate cleaning of flue gas of other
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pollutants, such as NOx, SO and particulate matter, in order to avoid considerable losses
of MEA [17].

Another possible solution could be using solid adsorbents, as their utilization
eliminates corrosion problems when compared to liquid absorbents. Both physical and
chemical adsorbents are under research. The most important features of physical
adsorbents are selectivity and amount adsorbed. Due to the fact that flue gas contains air,
water and impurities, such as e.g. SOx and NOy, an adsorbent for post-combustion CO>
capture should be characterized by higher selectivity for carbon dioxide over other
components of flue gases. The most extensively studied physical adsorbents for CO-
capture are activated carbons, metal organic frameworks, zeolites, carbon nanotubes and
molecular sieves [8]. Their advantage is a weak interaction with COz, so carbon dioxide
can be easily released under mild conditions. On the other hand, the weak interaction with
CO> results in low selectivity for carbon dioxide in the presence of water. Of all
mentioned adsorbents activated carbon seems to fulfill all requirements for a good
adsorbent, such as low price, high specific surface area and low amount of energy
supplied for regeneration [18]. The recent developments of adsorbents include the
incorporation of amine sites integrated into metal organic frameworks in order to increase
the CO- selectivity and to increase the interaction adsorbent-CO> [19].

Other techniques that may effectively separate carbon dioxide from flue gases are
membranes. This technique could be applied for high pressure flue gases, where the
driving force is the difference in pressure. Ceramics, metals or polymers found
application for separation of hydrogen, carbon dioxide or oxygen from flue gases. Due to
high cost required for carbon dioxide capture and technical problems, this method has not

as yet found application on a scale as large as required for power stations.
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3.3. Storage of captured CO-

The next steps in CCS methods are drying of CO2 and transport, followed by the
storage of captured carbon dioxide in order to prevent its release into the atmosphere. One
of the possibilities of handling this problem is to find a suitable reservoir that can store a
large amount of CO, for a long time. However, CO. storage technologies suffer from
technical and infrastructural issues. Among storing technologies, the following are most
often considered: enhanced oil or gas recovery (EOR, EGR), geological storage or
enhanced coal bed methane recovery (ECBM).

Enhanced Oil Recovery has been successfully demonstrated on a large scale e.g. in
the Weyburn oil field [20] and Sleipner gas field [21]. EOR provides currently ca. 5% of
total United States crude oil production and is predicted to increase in the upcoming
decades because of the increasing oil prices [22, 23]. Geological storage of carbon dioxide
is another proposed way of sequestration. There is already a significant technical
experience with injection of CO; into underground reservoirs as a part of enhanced oil
recovery (EOR) projects. Geological storage involves the injection of carbon dioxide into
a depleted fossil fuel field. However, it has not been proven with any certainty that carbon
dioxide will stay underground for long periods [24]. Nevertheless, this method has a huge
potential of CO. storage the highest of all proposed solutions. The main locations for
geological storage, that are taken into consideration, are depleted hydrocarbons
reservoirs, deep coal seams and saline aquifers, the latter having the highest capacity
potential for CO> storage [24, 25]. Both geological storage and mineral trapping suffers
from some critical issues. For both of them CO> has to be compressed at an emission
source and transported to the site of disposal and then injected underground. Currently if
there is no pipeline infrastructure that could connect the source of emission with

geological storage facility, this may be is the major challenge for these technologies [26].
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In Enhanced Coal Bed Methane Recovery (ECBM) carbon dioxide is injected into a
deep depleted coal field in order to recover the methane sorbed in a coal bed. The
recovered methane may be further used for electricity production or exported to market.
In comparison to EOR and EGR methods, which are mature technologies, ECBM is still
under development. The main disadvantage connected with this method is that the mine
cannot be exploited anymore [27].

One of the main problems connected with storage is to establish standards and
technologies in order to accurately monitor the CO2 and prevent leaks. An uncontrolled
leak can be devastating not only for environment but also the human health, as
demonstrated by e.g. natural release of CO- in Lake Nyos in Cameroon which killed 1700

people.

3.4. Carbon dioxide utilization

The image of carbon dioxide has drastically changed during last few decades. CO> is
no longer considered as a harmful pollutant, but as an interesting Ci+ building block. The
carbon dioxide capture and separation techniques, that are already applied or under
development, can provide a highly pure CO> stream for production of other chemical
compounds. The utilization of CO2 may be divided into two groups with (i) CO> used
directly without any conversion, and (ii) carbon dioxide converted into chemicals. CO;
already found some application without conversion, in e.g. food processing, preservation,
beverage carbonation, fire suppression, enhanced oil recovery or in supercritical state as
a solvent. The current industrial processing of CO> results in its conversion to valuable
chemicals, such as urea, methanol, salicylic acid, formic acid, or pharmaceuticals
production. However, its use as chemical feedstock has still a huge potential [28, 29].

Current and potential technologies, which can utilize CO, as raw material for

production of synthetic fuels and added value chemicals is presented in Figure 3.3. It is
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predicted that the amount of industrial processes involving COz as raw material will be
developed in the upcoming decades, which will create a new CO> based economy. It is
worth noting that all these processes require the presence of catalysts, which clearly points
to the importance of catalytic studies of those reactions on lab- and/or pilot scale.
Carbon dioxide conversion to fuels, rather than organic compounds, is expected to
play a major role in the CO2 emission management strategies, because of the fact that the
market for fuels is much bigger than that for organic chemicals. Centi et al. [28] suggested
that around 5-10% of current CO, emissions is suitable for the production of fuels,
corresponding to ca. 1.75-3.5 Gt CO; reduced per year. Most of the reactions of CO;
conversion require energy, thus in order to supply the amount of required energy it is
important to develop renewable technologies. Ecofys and Carbon Count provided a
classification of the diverse range of CCU applications [30]. They used a taxonomical
approach using sectors of CCU technologies as a base of their classification, with
applications differentiated more in a functional than technical groups. The classification,

illustrated by Table 3.1, covers the following applications:

CO: to fuels — technologies that may provide new types of energy, such as

renewable methanol or biofuels from algae,

- Enhanced commodity production — where CO> could be used to boost the
production of some goods. CO: is already applied in this way but it could be
modified in areas such as urea yield boosting, or as a substitute in existing
technologies e.g. for steam in a power cycle,

- Enhanced hydrocarbon production — covering the use of CO for recovery of
hydrocarbons from subsurface (EOR),

- CO2 mineralization, and

- Chemicals production.
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Considering this classification, Bocin Dimitru & Tsimas [31] discussed
additionally the technological maturity of the methods. The main considered
categories are: research stage, demonstration phase, economically feasible

method and mature market technology.

Table 3.1 CCU technologies classification and maturity (adapted from [31])

CCuU category CCuU technology

Research
Demonstration
Economical
Feasibility
Mature market

Hydrogen (renewable methanol)

Hydrogen (formic acid)

CO2 to fuels

Algae (to biofuels

Photocatalytic processes

Nanomaterial catalysts

e  Power cycles (using scCOy)

Enhanced production

e Urea, methanol

e CO2-EOR
Enhanced recovery o CO2-EGR
e ECBM

e Production of cement

e CO; concrete curing
CO: - mineralisation

e Bauxite residue carbonation (red mud)

e  Carbonate mineralisation (other)

e Sodium carbonate

e Polymers
Production of chemicals

e  Other chemicals (e.g. acetic acid)

e Algae (for chemicals)

Legend Main activities - Some activies
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Research in the Table 3.1 means that while basic science is understood the
technology is feasible and some laboratory and bench scale testing has been carried out.
Demonstration phase means that the technology has already been operated on a pilot
scale, but further development is required before it will be ready for commercialization
on a full scale. Economically feasible is a well-developed technology, which may be
applied commercially under certain conditions. Mature market is the one that was already
been commercialized on the full scale and can be easily modified for new applications
involving non-captive CO,. Additionally, Ecofys and Carbon Count conducted a
technology readiness assessment of the CCU categories, which is given in Table 3.2 [32].
Technology Readiness Level (TRL) is an effective tool to assess the development level
of technologies, starting from its basic concept (TRL 1) to commercial scale (TRL 9).
Table 3.2. presents selected CCU technologies, which were considered to be the most
promising technological pathways identified by various reports. The Table presents the
potential CO, uptake and DG Joint Research Center in-house TRLs assessment levels

[33].
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Table 3.2 The overview of European most promising CCU technology pathways and the DG
JRC CO3; reuse technologies with their potential CO, uptake (adapted from [33])

Potential CO> uptake Technology

CCU technology
(Mtly) Readiness Level
Methanol > 300 4-6
Mineralisation > 300 3-6
Polymerisation 5t0 30 8-9
Formic acid > 300 2-4
Urea 510 30 9
ECBM recovery 30 to 300 6
Enhanced
geothermal 5t0 30 4
systems
Algae cultivation > 300 3-5
Concrete curing 30 to 300 4-6
Bauxite residue
5to0 30 4-5

managment
Fuels engineered

_ _ > 300 2-4
micro-organism
CO2 injection to
methanol 1to5 2-4

synthesis

In the second group, carbon dioxide is converted to chemicals or fuels through
carboxylation or reduction [34]. There are already some industrial processes utilizing CO-
as feedstock e.g. production of urea, salicylic acid, cyclic carbonates or polycarbonates.
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All the mentioned reactions together use around 130 Mt of CO2 per year, with urea
production consuming the highest amount of CO..

Mineral carbonation is a chemical process, which involves the conversion of COz into
a solid mineral such as e.g. calcite (CaCOz) or magnesite (MgCQOz3). This method is
believed to be a long-term storage option, as carbonate is the most stable form of carbon.
Thus, this method seems to be environmentally safe and does not require additional
monitoring [35, 36]. According to the studies of Keleman et al. Samail ophiolite in Oman
contains enough magnesium to store the whole amount of CO, from atmosphere in the
form of magnesite [37]. It is suggested in literature that through in-situ carbonation
reaction by drilling into the geological formation it is possible to obtain high reaction

rates due to generation of heat from the carbonation reaction [36, 38].

Enhanced commodity production belongs to market mature technologies. The main
areas are urea production and CO: as applied to power cycles. Urea is produced by the
reaction between ammonia and CO: (Eq. 3.1) at around 185-190°C with pressure ranging
from 180-200 atm. This process can be divided into two steps. During the first, fast and
exothermic reaction, ammonium carbamate (H.N-COONH,) is formed through the
contact of liquid ammonia with CO.. In the second, slow and endothermic reaction, which

IS a rate determining step, ammonium carbamate is decomposed to water and urea.

CO2 + 2NH3 = HoNCOONH4 = CO(NH_2)2 +H20 (Eqg. 3.1)
As large amounts of CO, are separated during production of H. supplying
ammonia plants via steam reforming and WGS reaction the facilities are often placed
close to urea plants. Currently urea production process is the main consumer of CO as

feedstock with around 112 Mt of carbon dioxide consumed annually [39].
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Similarly, CO- is used to react with ethylene diamines giving 2-imidazolidinones,

which are cyclic ureas (Eq. 3.2)

Kolbe-Schmitt reaction, which is given by Eq. 3.3 is also utilizing CO; as

feedstock.

OH N OH (Eg. 3.3)
a g. 3.
©/ Na 0 H2S04 OH
NaCH Na

In this process CO- reacts with sodium phenolate anion via electrophilic substitution
to produce salicylic acid. Salicylic acid can be used to manufacture a large number of fine
chemicals, such as e.g. synthetic aspirin (acetylsalicylic acid), salol (phenyl salicylates)

or amide of salicyl (salicylic amide).

Liquid Light company produced mono-ethylene glycol (MEG), which found
application in industrial manufacturing of polyester obtained through oxalic acid
(electrochemical production) as intermediate.

The production of carbonates, cyclic carbonates or polycarbonates currently involves

the reaction between appropriate alcohols and toxic phosgene. And interesting alternative
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would be to use CO- (Eqg. 3.3) or epoxides (Eq. 3.4) instead of phosgene in order to obtain
respectively, carbonates and cyclic carbonates.

Coal gasification has been known for many decades and found application on
industrial scale in early 1800s in the production of heat and light. However, with
development of natural gas and oil technologies the further development of this process
was abandoned. Today gasification technologies again gained attention and are strongly
developed. In this process coal is converted into suitable gas fuel through the reaction
with gasification agents i.e. air, steam, CO> or mixtures, resulting in a product of mixed
carbon monoxide, hydrogen, methane and carbon dioxide. The main reactions involved

in gasification are [40]:

C+02=CO02 (Eq. 3.4)
C+%02=CO (Eg. 3.5)
CO + %02 = CO, (Eq. 3.6)
C+H0O=H2+CO (Eq. 3.7)
C +CO2 =2 2CO (Eq. 3.8)
CO +H0 = CO2 +H: (Eq. 3.9)
C+2Hz2=CHq (Eqg. 3.10)

The gasification of coal is a complex process involving pyrolysis and exothermic partial
combustion (Eq. 3.4 — Eq. 3.6), with the latter providing enough heat for the endothermic
gasification (Eg. 3.7 and Eq. 3.8). The methane formation process can be accompanied
by a catalyst due to the presence of ash. WGS reaction can occur in this process (Eq. 3.9).
This process could contribute to the reduction of CO2 emissions through utilization of
CO:; as gasification agent. Additionally, it was found that CO; in a gasification mixture

can increase the efficiency of this process and reduce coal and oxygen consumption [41].
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There are other prospective applications of CO», such as conversion to fuels,
utilization in biotechnological processes and production of biomass. The opinion that CO»
molecule is stable is misinterpreted and CO- is considered as unreactive, which implies
that any chemical conversion requires high amounts of energy. This is why the use of
CO; as feedstock for chemicals is considered as inappropriate. Indeed, it is true when O>
would be considered, but there are several reactions that do not need any external source
of energy to convert CO, where the co-reactant (e.g. hydroxides, amines or olefins)
provide enough energy for initiation of the reaction even at low temperatures.

3.4.1. CO:3 - as C; building block

Carbon dioxide may gain attention as an interesting C: building block for the
synthesis of valuable chemicals. Hydrogen is a high energy molecule and could be used
as a prospective reagent to transform CO>. The utilization of CO; as a feedstock for the
chemicals production would then contribute to alleviating global climate changes, as well
as provide challenges in exploration of new possibilities for both catalytic and industrial
development. Some possible products that could be obtained by carbon dioxide
hydrogenation by either direct or indirect routes, are shown in Figure 3.3. There are five
major products of CO: hydrogenation, which may be obtained directly: methane,
methanol, formaldehyde, formic acid and carbon monoxide. The products of carbon
dioxide hydrogenation are influenced by the used catalyst and operating conditions of the

process.
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CURRENT USE PROSPECTIVE USE

Source of
> Natural hydrogen
Biomass as and low
8 carbo
energy

Carbon

dioxide

Methane and

Hacher Methanol higher

Tropsch
hydrocarbons

Chemicals

Ethylene, polyolefins, acetic acid, methyl acetate,

el G methyl formate, methyl t-Butyl ether,

Dimethyl ether ‘ formaldehyde

Figure 3.3 Possible chemical products that can be obtained via CO2 hydrogenation (adapted from
[42])
Indirect routes include e.g. production of synthesis gas or methanol formation as

intermediates for further processing. The indirect route could be a multi-stage approach
that utilizes different reactors with different catalysts to perform simultaneously a multi-
step synthesis leading to highly valuable products.

Methanol

Methanol is a very important chemical, applied widely in industry, with a combined
production of over 100 Mt annually. It is manufactured industrially using CO produced
from methane (Eqg. 3.11). In some industrial processes CO- is used as an additive to
consume excess hydrogen (Eq. 3.12).

CO + 2H,; = CH30H AHR?®K =-90.5 (Eg. 3.11)
kJ/mol

CO2+3H2 =2 CH30H + H,0  AHR?®K=-495kJ/mol  (Eg. 3.12)
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The reaction is mainly catalyzed by a Cu/ZnO-based catalyst. On the other hand,
methanol could be produced directly from CO. with one of the CCU technologies.
However, the source of hydrogen is a very important issue. Peters et al. [43]analyzed
various hydrogen sources for methanol production taking into account conventional
methanol synthesis with hydrogen obtained via steam reforming of natural gas and
methanol synthesis from a mixture of CO2/Hz with hydrogen obtained (i) from natural
gas, (ii) via water electrolysis using fossil fuel-derived energy or (iii) via water
electrolysis using hydropower. The results showed that only for the latter case, the
implementation of methanol production from carbon dioxide and hydrogen would result
in a decrease of CO, emissions. It should be mentioned here that CRI technology of
production of “renewable” methanol is based on a similar idea, with necessary energy
obtained from geothermal sources.

Formic Acid

Formic acid is another interesting chemical, that could be produced directly from
carbon dioxide (Eq. 3.13). It found many industrial applications, e.g. in food production,
leather industry and agriculture [44, 45]. Currently the demand for formic acid is ca.
0.7Mt annually. A number of processes have been developed to produce formic acid.
However, the catalysts were mostly based on expensive metals, such as rhodium,
ruthenium and iridum, which, from the industrial point of view, is not acceptable [46, 47].
Therefore, copper, nickel and iron-based materials were proposed as prospective catalysts
for this reaction [45, 48, 49]. Additionally, as the reaction is thermodynamically
unfavorable under standard conditions, all catalytic tests reported in literature were
performed at high pressures ranging from 5 to 50 bars at relatively low temperatures
ranging from 20 to 120°C [49].

CO2 + Hz & HCOOH AHgr?%K = -7.45 kJ/mol (Eq. 3.13)
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Formaldehyde

Formaldehyde (HCHO) is a very important bulk chemicals and found application in
over 50 types of processes, including the production of resins, adhesives, plastics, paints
and foams. Currently formaldehyde is manufactured at a series of high-temperature
reactions, starting from steam reforming of natural gas to obtain syngas, subsequent
synthesis of methanol followed by oxidation to formaldehyde. This chain-process results
in a high energy consumption, and therefore finding a more efficient and environmentally
friendly approach to obtain this product is crucial.

Two possible routes for HCHO synthesis based on the utilization of CO, are proposed
in literature (i) utilizing formic acid or (ii) carbon monoxide as intermediates [50-52]. In
the first approach CO; is hydrogenated into formic acid (Eq. 3.14), followed by

dehydration-hydrogenation to form formaldehyde (Eg. 3.15).

CO; + Ha = HCOOH AHR?®K =745  (Eq. 3.14)
kJ/mol
HCOOH + Hz = HCHO + H,0 AHR?®K =-125  (Eg. 3.15)
kJ/mol
In the second approach CO: is hydrogenated to CO via RWGS reaction (Eg. 3.16),

followed by hydrogenation of CO to formaldehyde (Eq. 3.17).

CO2+H2=CO + H0 AHR?®K =11.19 kJ/mol  (Eg. 3.16)
CO + Hz = HCHO AHR?%8K = -19.89 k/mol  (Eq. 3.17)
Higher hydrocarbons
Another promising route of CO; utilization is a direct production of hydrocarbons
(alkanes and alkenes), via direct Fischer-Tropsch process starting from CO2 and Hz. The

conventional Fischer-Tropsch synthesis is based on syngas. The production of olefins is

41




New nano-oxide catalysts for CO, hydrogenation reaction

ca. 200 Mt per year and results in 1.2-1.8 tons of carbon dioxide emitted per ton of the
product [53]. The emissions of carbon dioxide could be significantly decreased if CO-
would be applied as feedstock. However, there is still no appropriate catalyst for this
reaction, which should be active in both RWGS and FT reactions. The path to higher
hydrocarbons involves either RWGS reaction followed by FT synthesis, or methanol

synthesis with subsequent hydrocarbons formation.
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4. Carbon dioxide methanation

Methanation is a chemical reaction where CO and/or CO; is converted to methane.
However, due to low price and high availability of natural gas only few plants apply this
process on large scale e.g. Great Plains Synfuel in North Dakota (U.S., 1500 MW)
operational since 1984 [54] and most recently AFUL Chantrerie in Nantes (France, 14
Nmd/day) [55]. Recently, because of the increasing demand for natural gas and the
necessity of the reduction of GHG emissions, the production of synthetic natural gas from
CO2 (SNG) has gained attention. Methanation of carbon dioxide, is an exothermic
catalytic process of H and CO; taking place at moderate temperature and pressure in the
presence of metal-based catalysts, which leads to the formation of methane and water, as
shown in Eq. 4.1.

CO; + 4H; = CH4 + 2H20 AHR?%®K=-165 (Eq. 4.1)
kJ/mol

Some side reactions can also take place during methanation: (i) reverse water gas shift
(RWGS), (ii) CO methanation and (iii) reverse dry reforming.

CO2 + Hz, = CO + H,0 AHR?#= 41 kJ/mol (Eq. 4.2)
CO + 3H; = CH4 + H20 AHR?%8K=-206 kJ/mol (Eq. 4.3)

2CO +2H, = CH4+ CO;  AHRX8K=-247 ki/mol  (Eq. 4.4)

RWGS reaction is mildly endothermic, while the other three reactions are highly
exothermic, which results in the formation of large amounts of heat during the process.
In order to keep the appropriate temperature for CO> methanation an efficient heat
removal is of great importance. Through RWGS reaction CO, molecule with low
reactivity is split into CO and H:O, followed by hydrogenation of CO through

methanation and reverse dry reforming.
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Beside the main reactions some side reactions can also take place during CO-
methanation, such as Boudouard reaction, CO reduction, CO. reduction, methane
decomposition and/or the formation of alkanes and alkenes, as given by reactions shown

in (Eq 4.5-4.10)

2CO = C + CO, (Eq. 4.5)

CO+H2=C+H20 (Eqg. 4.6)

CO2 +2H, = C + 2H20 (Eq. 4.7)

CHs = C + 2H; (Eq. 4.8)

nCO + (2n+1)H2 = CnHzn+2 + NH20 (Eq. 4.9)
nCO + 2nH; = CyH2n + NH20 (Eq. 4.10)

The first four reactions lead to catalyst deactivation by carbon deposits. Slight
amounts of higher hydrocarbons are found in the products of CO2 methanation. However,
the selectivity to CHg is strongly dependent on the active material used as catalyst.

The obtained gas should fulfil specific requirements similar to those of the natural
gas distributed in the system, the latter containing typically more than 80% of methane.
The general concept of CO2 methanation process is shown in Figure 4.1. Additionally, it
was proposed that CO, methanation can be implemented for biogas, which contains

mainly CHs, CO2 and H: (in low amounts), in order to increase its quality.
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Water electrolysis

Methanation reaction
CO, +4H,->CH, +2H,0 |

High quality biogas Biogas: CHy, CO,, H,
A\ Methanation <y s
reaction

Figure 4.1 Concept of CO, methanation / possible application

Out of all hydrogenation processes mentioned in Chapter 3.4., up till now CO;
methanation is the best developed, with a few projects on with small-scale industrial

installations being tested. Table 4.1 lists selected European installations.
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Table 4.1 Power-to-Methane plants in European Union (source: europeanpowertogas.com)

Methanation Power

Installation orinciple [KW] Electrolysis Status

Etogas - Audi AG Chemical 6300 Alkaline  Operational

Solothurn

(Store&Go Biological 700 PEM Planned

project)

Niederaussem Chemical 300 PEM Finished

Foulum - . . -
Biological 250 PEM Finished

Electrochaea

Alzey — Exytron

Unknown 63 Alkaline Planned
(Exytron GmbH)
Rostock — Exytron
Demonstrationsan Unknown 21 Unkown  Operational
lage
Stralsund
(Fachhochschule Unknown 20 Alkaline Planned
Stralsund)
Rozenburg Chemical 10 PEM Operational

PEM — Polymer electrolyte membrane electrolysis

4.1. Reaction Mechanism

Methanation of carbon dioxide is a catalytic reaction with either CH4 or CO as the
main products. The selectivity in the reaction is dependent on the type of metal used as a
catalyst. Most of the studies focused on finding the reaction pathway were performed
with a stioichiometric ratio H2:CO3 4:1 or with high excess of hydrogen up to 100:1. The
mechanism of carbon dioxide methanation reaction has been studied by a number of
research groups. However, there is no agreement on the mechanism of carbon dioxide
methanation reaction and it should be noted that there is also no agreement on the reaction

kinetics and mechanism for CO methanation. The overall reaction of carbon dioxide
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methanation, despite the complexity of the elementary steps of the reaction, is represented

by Eq. 4.11:

CO; + 4H, = CH4 + 2H,0 AHags = -165 kI mol*  (Eq. 4.11)

Literature proposes associative or dissociative mechanisms. As presented in Fig.
4.2. the former involves the formation of oxygenates as intermediates, that are
subsequently hydrogenated to CHas, while the latter assumes that CO, dissociates to
adsorbed CO and O, followed by hydrogenation to methane. However, there is an

accepted, in general, that CO is the main intermediate in CO, methanation.

fssocative % %77 % o —

Dissociative g é :/ r > ;7% )

Figure 4.2 Carbon dioxide associative and dissociative methanation scheme (adapted from [56, 57])

The associative methanation mechanism involves the associative adsorption of
CO2 and Hy, followed by hydrogenation into methane. This mechanism was supported by
in-situ FT-IR studies of Aldana et al. [58] carried out on Ni-containing Ce-Zr catalyst.
The obtained spectra revealed the existence of carbonate on the support and bands of
carbonyl bonded to metallic nickel. The increase of temperature resulted in hydrogenation
of carbonate (COgz) to bicarbonate (HCOgz) followed by rapid dehydration to formate
(HCOO). The hydrogen atoms are believed to originate from Ha dissociated on metallic
Ni particles. The authors observed also that the bands arising from carbonyls on metallic
nickel remained unchanged. Thus, it was stated that CO and CH4 were formed in different
mechanisms. While methane was produced by hydrogenation of formate species adsorbed

on the catalysts surface, carbon monoxide resulted from carbon dioxide reduction on Ce®*
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sites. The in-situ FTIR spectroscopy studies of Shild et al. confirmed that formate is the
essential intermediate for the production of methane [59].

Prairie et al. [60] studied the CO2 methanation reaction on Ru-containing Al2Os
and TiO, catalysts using DRIFT spectroscopy. The obtained spectra revealed the
existence of formate adsorbed on the support and carbonyl on Ru/Ru oxide. The authors
concluded that carbonyl was produced via reverse water gas shift reaction (RWGS) of
adsorbed CO; through formate species. Upham et al. claim that hydrogenation of
carbonyl to methane is the rate-limiting step [61]. They came to this conclusion basing
on transient experiments on ruthenium supported on ceria. They introduced CO> before
H> or Hz before CO2. When CO» was introduced first, both CH4 and CO were produced.
On the other hand, when Hz was introduced first, ceria was reduced, which resulted in
reduction of CO2 to CO on Ce®*, without the formation of methane. Thus, it was proposed
that methane was formed through hydrogenation of associatively adsorbed CO> while CO
originated from CO; reduction over Ce®*.

Studies of Westermann [62] and Pan et al. [63] regarded formate as CH4 and CO
precursors. Westermann et al. [62] studied Ni-impregnated zeolite USY by in-situ FTIR
spectroscopy. They found that at temperatures below 200°C carbonates were
hydrogenated to formate adsorbed on nickel particles, and then the increase of
temperature led to the dehydration of formate into carbonyl, followed by formation of CO
or hydrogenation to CH4, and then desorption. The increase in nickel content led to
increased CO3 adsorption capacity while carbonate species were not observed when for
USY not promoted with Ni.

Pan et al. [63] obtained similar results during in-situ FTIR CO2 methanation
studies. The obtained spectra showed five types of adsorption species: monodentate and

bidentate carbonates hydrogenated to formate, followed formation of CO and/or
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hydrogenation of the latter to CH4. The observations made during temperature-
programmed studies indicated that formate was the major intermediate for CH4
production.

Schild et al. [59] studied carbon dioxide methanation over amorphous nickel
supported on zirconia and confirmed the presence of CO on the catalyst’s surface.
However, there was no proof of RWGS reaction. On the other hand, formate species as
intermediates were observed, which is in good agreement with the work of Barrault et al
[64].

Thus, the related studies suggest that CO, methanation proceeds via reactions shown in

Eq. 4.12-4.14.
CO2gas = CO2 ags (Eq. 4.12)
COZ ads + H2 ads = HCOOads +Hads (Eq 413)
HCOOads + Hads = HZOads + COads (Eq 414)

The literature, however, proposes also another, dissociative mechanism of CO>
methanation. It assumes that methanation of carbon dioxide is a combination of CO>
conversion to CO via reverse water gas shift reaction, and the subsequent CO conversion
to methane, as described by reactions (Eq. 4.15 and 4.16).

CO2 + Hz = COags + H20 (Eq. 4.15)
COgqgs + 3H2 = CH4 + H20 (Eq. 4.16)

This suggests that adsorbed CO: dissociates on the catalyst surface, while the
formation of CH4 follows the CO methanation mechanism. Borgschulte et al. [65] tested
nickel-containing zirconia supported catalysts and postulated that the CO formed via
RWGS reaction is an important intermediate in CO, methanation. However, in order to
increase the reaction yield of methane and to minimize the CO release, water had to be

removed.
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Weatherbee et al. [66] confirmed that the first step of CO> methanation was the
dissociative adsorption of hydrogen as well as of COa, the latter to COags and Oags. It was
postulated that CO could either desorb or dissociate into Cags and Oads (EQ. 4.25), followed

by hydrogenation of adsorbed carbon and carbene to methane according to Eq. 4.17-4.21:

Cads + Hads = CHags (Eq. 4.17)
CHoads + Hags = CH2 ags (Eq. 4.18)
CH2ads + Hads = CH3ads (Eq. 4.19)
CHsags + Hads = CHa ads (Eq. 4.20)

CHaads = CHa gas (Eq. 4.21)

Water was assumed to have been formed from atomic oxygen, as given by Eq. 4.22-

4.24:
Oads = OHags (Eq. 4.22)
OHads + Hags = HZOads (Eq 423)
H20ads = H2Ogas (Eq 4.24)

According to Coenen et al. [67] the rate-determining step in methanation on nickel
catalysts is either the CO dissociation to surface carbon (Eg. 4.25), or dissociation of

CHO (Eq. 4.26 and 4.27):

COads = Cads + Oads (Eq 425)
COads + Hads = CHOads (Eq. 4.26)
CHOags + Hadgs = Cads + H2O0gas (Eq. 4.27)

Taking into account that the mechanism of CO> methanation may be influenced

by reaction temperature, pressure, as well as a catalyst used and its particle size,
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Andersson et al. [68] postulated that at temperatures below 850K, dissociation of CHO

as the intermediate could be the rate-determining step.

The presence of COags 0on the surface of Rh/y-Al2O3 catalysts was shown during
in-situ DRIFT measurements [69]. CO. dissociation on the catalyst surface was proven
by simultaneous oxidation of rhodium by oxygen species. The results of DRIFT
measurements performed on similar catalysts by Beuls et al. [70] confirmed that the
dissociation of CO- is responsible for the oxidation of rhodium, thus supporting the
mechanism proposed by Jacquemin et al [69].

On the other hand, the investigations of CO> methanation on ruthenium supported
on alumina carried out by steady state isotopic transient kinetic analysis (SSITKA)
coupled with DRIFTs proved that the redox mechanism should be neglected [71]. The
experiments were performed under atmospheric pressure and excess of Hz. The exchange
of 2CO; to 3CO; resulted in reduced intensity of 2COa,qs, and the simultaneous increase
in the intensity of the band arising from ¥CQags. At the same time the slow response of
bands arising from formate during the isotope exchange test suggested that formate was
not the major intermediate in this reaction. As a result, it was concluded that the
mechanism of CO, methanation proceeded through dissociative adsorption of CO;
resulting in formation of COags and Oags, considered as the rate determining step.

Marwood et al. [72] performed steady-state transient measurements coupled with
IR spectroscopy studies on Ru/TiO; catalyst. The mechanism involving the formation of
COags as an intermediate in the pathway to methane was proposed. Additionally, formate
was considered as a by-product strongly bonded with the support. However, the
hydrogenation steps could not be observed by IR spectroscopy. Since interfacial formate
species were formed on the support, a pathway involving hydrogen carbonates was
proposed as a precursor of these species, which were characterized by a transient
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response, consistent with the response of CO precursor. Solymosi et al. [73, 74] proposed
that the formate ions formed on the catalysts metal species migrate rapidly towards the
support during the reaction of CO2 methanation, suggesting that the observed bands of
formate correspond to a by-product adsorbed on the support.

Concluding, the mechanism of carbon dioxide methanation is yet not fully
understood, with two possible pathways proposed in literature. This process can proceed
either via direct carbon dioxide reaction to methane or through formation of carbon
monoxide as an intermediate in this reaction. The formation of formate as the main
reaction intermediate has been suggested by many authors for the direct CO2 methanation
pathway. In general, it was accepted that in the case of CO- reaction to CO reverse water
gas shift reaction is occurring as the intermediate in methanation of CO,, followed by
hydrogenation of the adsorbed CO. Carbon monoxide can be also alternatively formed by

the dissociative adsorption of carbon dioxide on the catalysts surface.

4.2. CO2 methanation thermodynamics calculation

Thermodynamic calculations are very useful in the assessment of reactions
involved in the methanation system and allow to predict the optimal conditions of the
reaction. The most commonly discussed parameters influencing conversion of COo,
methane selectivity and carbon deposition are: temperature, pressure, Ho/CO- ratio, the
addition of other reactants (H20, CH4, O2). Thermodynamic calculations performed for
complex chemical systems based on Gibbs energy minimization can answer several
questions such as (i) the type of thermodynamically stable products of the reaction, (ii)
selectivity to this product together with the yield, (iii) if the reaction is exothermal or
endothermal. From the existing literature, it may be concluded that methanation process

is favoured at low temperatures, high pressure and high H2/COx ratio.
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Table 4.2 Possible reactions involved in CO; methanation

Reaction type Formula AHzgsk (kJ mol?)
CO; methanation CO2 + 4Hz = CH4 + 2H20 -165.0

CO reduction CO +Hz= C+H0 -131.3

COz2 reduction CO2+2H; = C +2H0 -90.1
inversed dry reforming of methane 2CO + 2H> = CH4 + CO> -247.3
Boudouard reaction 2CO0=C+CO2 -172.4
water-gas shift CO+Hx0=2CO02+H> -41.2
methane cracking CHs=2H2+C 74.8

- nCO + (2n+1)H2 = CyH2n+2 +nH20 -

- nCO + 2nH; = CyH2n + NH20 -

The analysis of Gao et al. [75] showed that low temperatures (<250°C) are optimal
for CO2 methanation, where the CO2 conversion and CHs selectivity can reach almost
100%. On the contrary, the reaction rate is increasing with increased temperature. The
increase of temperature up to 500°C is also favorable for the reverse water-gas shift
(RWGS) reaction, thus CO, methanation should be performed up to 500°C. Additionally,
increasing the reaction temperature can result in carbon deposition, as well as sintering
of the catalytic active material. Considering the Le Chatelier principle, CO2 methanation
is favored at increased pressure. According to Gao et al. [75] increasing the pressure is
effective up to a certain point with negligable effect of pressure above that point. The
optimum pressure, that will cause no sintering of the catalyst, was proposed to be between
10 and 30 atm. Theoretically, no carbon deposition occurs during CO2, methanation if the
H2/CO> ratio is stoichiometric or higher. The side reactions and their respective

temperatures at which they are favored are shown in Fig. 4.3.
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Basing on the thermodynamic calculations for CO. methanation reaction
presented in literature [75-81], some general conclusions concerning conditions
appropriate for carbon dioxide methanation reaction can be formulated:

- Inorder to convert almost 100% of CO. to CH4 with ca. 100% selectivity

temperature should not exceed 300°C,

- Increasing the temperature above 500°C will result in the occurrence of
reverse water-gas shift reaction,

- The addition of steam may suppress carbon formation in CO
methanation, which explains why no carbon deposits are usually
observed in CO2 methanation reaction,

- The COz conversion and selectivity to CH4 are strongly dependent on the

H>/CO: ratio used for the reaction.

Methanation
CO, + 4H, €> CH, + 2H,0

Boudouard reaction
2C0 & C+CO,

Reverse Water Gas Shift
CO, +H, € CO+H,0

1 1 1 1 1 1 1 1 1 1 1 1 1

200 300 400 500 600 700 800 900

Temperature [°C]

Figure 4.3 Main side reactions that may occur during CO; methanation

4.3. Areview of CO2 methanation catalysts
The reduction of fully oxidized carbon in carbon dioxide to methane is an eight-
electron reaction, which results in considerable kinetic limitations. Thus, to apply this

reaction on industrial scale, a highly active metal-based catalyst is required in order to
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achieve acceptable reaction rates, appropriate methane selectivity and coke formation
resistance. The performance of the catalysts is strongly dependent on the used active
material and its particle size and shape, reduction conditions, preparation method, as well

as an appropriate reactor.

Carbon dioxide methanation catalysts usually contain a supported metal, with
Ni/Al.Oz most widely studied because of its low costs and availability as compared to
other supports, such as e.g. zeolites. In general, it is accepted that the reaction occurs on
the metal-support interface, where CO: is adsorbed and dissociated on the support and Hx
is adsorbed and dissociates on metal sites. Therefore, while designing a catalyst that
would efficiently reduce CO2 to CH4 with low selectivity towards CO, two strategies can
be considered: (i) the first one increasing the CO- adsorption capacity by choosing a basic
support and (ii) the second where an additional metal is added to the main active
component, which will increase dispersion of the latter, thus resulting in increased H;
adsorption capacity. During last decades much effort have been devoted to develop highly
active and selective CO, methanation catalysts. The following subchapter discusses the
literature information on the influence of different supported metals, and the effect of the
supports and/or promoters on the activity and selectivity of such materials in the reaction
of CO2 methanation. There are already some general reviews of catalysts for CO-
methanation: Wei and Jinlong [82], Aziz et al. [83], Ghaib et al. [84], Su et al. [85],
Ronsch et al. [54] and Frontera et al. [56], so the main focus here is on more recent

literature findings, especially those not discussed in more detail in the mentioned reviews.
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4.3.1. The role of active component

As reported in literature, transition metals of groups 8, 9 and 10, i.e. nickel, ruthenium,
palladium, rhodium, platinum, copper, molybdenum, rhenium, silver, gold, iron and
cobalt, are active for carbon dioxide methanation reaction. Table 4.3 lists different
information on studies of supported transition metals in the reaction of CO2 methanation.
It has to be noted that the selection of the active phase for this reaction can affect, besides
the activity, also the selectivity towards methane which is crucial from the industrial point
of view.

Table 4.3 Literature data on active metals supported on the same material for CO;
methanation

Metal

loading  Sget GHSV Temperature COgz conversion  CHgs Selectivity
Catalyst Ref

[wt%] [m#g]  [mlig*h] [°C] [%] [%]
Rh/MSN 933 99.5 100.0
Ru/MSN 1004 95.7 100.0
Ni/MSN 879 50,000 350 85.4 99.9

[86]
Ir/MSN 976 9.5 83.0
Fe/MSN 858 4.0 92.0
Rh/TiO2 0.5 nd nd 100.0
Ru/TiO> 0.5 nd total flow: 86.0
350 Rh >> Ru >Pt >Pd

PYTIO, 0.5 nd 150 1.0 [87]
Pd/TiO; 0.5 nd ml/min 0.0
Pd/SiO: 3 315
Rh/SiO: 3 310 60,000 350 Pd >Rh>Ni Rh>Ni>Pd [88]
Ni/SiO2 3 311
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Ni/Al203 3 182
Pd/Al>Os 3 187 60,000 350 Ni >Pd > Rh Rh >Pd > Ni
Rh/Al203 3 180
Pd/CeO. 3 131
Ni/CeO> 3 128 60,000 350 Pd > Ni > Rh Rh > Ni >> Pd
Rh/CeO; 3 125

[88]

[88]

Aziz et al. [86] prepared mesoporous silica nanoparticles (MSNs) doped with various
metals, such as Rh, Ru, Ni, Fe, Ir, Cu, Zn, V, Cr, Mn, Al and Zr. The activity in CO>
methanation at 350°C followed the sequence Rh > Ru > Ni > Ir > Fe > Cu. However, the
authors indicate that on basis of specific surface area Ni doped MSN showed to be the

most active and Ir/MSN the worst catalyst.

Panagiotopoulou [87] studied Rh, Ru, Pt and Pd supported on TiO,. The catalytic
activity expressed as TON followed the sequence: Rh > Ru > Pt > Pd, with Rh about 3
times more active than Pd. The selectivity towards methane was found to be much higher
for Rh and Ru than Pt and Pd, both promoting mainly the formation of carbon monoxide
via reverse water-gas shift (RWGS) reaction. The kinetic measurements showed that
carbon dioxide hydrogenation reaction was structure sensitive i.e. the activity of the
catalyst depended strongly on the metal crystallite size. The author claimed that small
ruthenium crystallites influenced the formation of CO, which decreased with increasing

Ru particle size (higher Ru loading).

Catalytic activity of Pd, Rh and Ni (3 wt.%) supported on Al203, CeO, and SiO2 was
compared by Martin et al. [88]. All catalysts were obtained using impregnation method.
The catalytic performance was strongly dependent on the active material, as well as the

used support. For Pd, Rh, Ni supported on SiO; the catalytic activity followed the
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sequence Pd > Rh > Ni, while for Al>,Os it was Ni > Pd > Rh, for CeO2 Pd > Ni > Rh.
However, despite the fact that Rh based catalysts showed the worst performance the
selectivity towards methane was higher than for Ni and Pd catalysts. It was also found
that the mechanism of CO, methanation was different for Rh supported on Al,O3 and

Ce0Oa.

Considering that Ni is much more available, as well as cheaper than noble metals,

most research on CO2 methanation is now focused on Ni-based catalysts.

4.3.2. Ni-based catalysts

Out of the studied transition metal-based catalysts Rh and Ni were found to have the
best catalytic performance. However, in 2018 the prize of Rh was 500 times higher than
that of Ni [89]. This is why Ni-based catalyst are more interesting from the industrial
point of view. As nickel catalysts exhibit high selectivity towards methane, the main focus
of the research on nickel-based catalysts is the improvement of the catalytic activity,
especially at lower temperature region. To apply a catalyst on industrial scale, the CO,
methanation activity at low operating temperatures ca. 250°C should be increased, thus
decreasing the amount of energy input for the reaction initialization. In order to fulfil this

goal several approaches have been proposed, such as:

e Modification of the method of nickel incorporation in order to change the
nickel-support interaction, which may influence the metal dispersion,
reducibility and metal crystallite size, this being crucial in achieving
acceptable reaction rates;

e Enhancing basic properties by either incorporation of promoters or changing

the support in order to increase CO> adsorption capacity;
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e The addition of a second metal, e.g. a non-noble metal, which can enhance the
catalytic activity;
e Changing reaction conditions, e.g. by using non-stoichiometric amounts of

hydrogen.

In this subchapter an overview of the research on Ni-based catalysts carried out

during last years is presented.
4.3.2.1. Ni-based catalysts — effect of support

The support plays a significant role in a catalyst. It determines the dispersion of the
active metallic phase and resistance to sintering, as well as stabilization of active sites,
provides high active surface area and, in some cases, such as CO2 hydrogenation, can
participate in the reaction. Catalysts containing nickel were tested on various supports,
among them single oxides (Al.Oz, SiO2, MgO, CeO3, ZrO, TiO2, La>03), mixed oxides
(Ce0/ZrOz, Zr0O,-Sm,03), meso-structured silica nanoparticles (MSN), mesoporous
molecular sieves (MCM-41), zeolites (Y or USY) or metal-organic frameworks (MOFs)
and carbon nano-tubes (CNTSs). Selected information on the performance of such catalytic

systems is presented in Table 4.4.
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Table 4.4 Catalytic activity of selected Ni-based catalysts in CO2 methanation. Effect of the
support

Reaction conditions CO;
Ni CH4 sel.
Support  PM* Temp. H2/CO, WHSV/GHSV P Conv. Ref
(Wt.%) [%]
(°C) ratio [bar]  [%]

10 v-AlbOz  IMP 250 4 nd /5,700 1 37.0 93.0 [90]

10 Al,O3 IMP 250 4 nd / 9,000 1 6.0 97.0 [91]

25 Al,O3 CP 235 4 2,400 / nd 9 99.0 99.7 [92]

40.4 Al>,O3 SG 220 4 9,600 / nd 10 61.1 99.2 [93]

10 Al,O3 IMP 400 4 10,000/ nd 1 5.0 >99 [94]

15 Al,O3 IMP 300 4 15,000/ nd 1 45.0 >99 [95]

10 MgO IMP 4 nd /10,000 1 ca.5.0 78.0 [96]

10 TiO> IMP 4 nd /10,000 1 ca.7.0 ca.100.0 [96]

ca.74% CHa4
12 CNT IMP 350 4 nd/nd 1 [97]
yield

4.29 SiO; IMP 500 4 48,000/ nd 1 25.0 45.0 [98]
SiOy-

15 IMP 600 4 48,000/ nd 1 63.0 29.0 [99]
Al,O3

LaNis - CP 400 4 3,000/ nd 1 9150 95.0 [100]

10 La,0O3 IMP 280 4 nd / 30,000 1 76.6 ca.100.0 [101]
Zr0o-

12 IMP 360 4 nd / 8,100 1 42.0 nd [102]
Al>O3
Zr0Oo-

12 CP 360 4 nd / 8,100 1 50.0 nd [102]
Al,O3

3 MCM-41 IMP 4 1 [103]
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59.9 Raney - 300 4 nd / 38,000 1 87.0 ca.100.0 [104]
143  ZrooCeo1 IMP 350 4 nd /5,400 1 78.0 ca.100.0 [105]
5 Ce-Zr IMP 420 4 nd / 43,000 1 400 86.0 [58]

5) usy IMP 400 4 nd / 40,000 1 24.7 61.4 [106]

10 CeO2 IMP 300 4 nd /10,000 1 90.0 100.0  [96]
70at%  Zr-Sm MM 300 4 nd / 6,000 1 80.0 ca.100.0 [107]
LaNiOs perovskite CM 300 4 nd /7,500 1 77.7 99.4  [108]
10 MOF-5 IMP 280 4 nd /2,000 1 47.2 ¢a.100.0 [109]

“PM-Preparation method — IMP - impregnation, CP - co-precipitation, Arc - Arc

melting, SG - Sol-Gel, MM - mechanical mixture, CM - citrate method.
nd-no data

Alumina — Al,O3

Nickel supported on alumina is one of the most often studied catalytic systems for

carbon dioxide methanation reaction. It is relatively cheap, has high specific surface area,
basic character, thermal stability and shows good activity. However, because of high
reaction temperatures used during methanation, such catalytic systems suffer from severe
carbon deposition or poor stability. The activity is also strongly dependent on the catalysts

structure, composition and calcination/reduction temperature.

Riani et al. [110] compared unsupported Ni nanoparticles with Ni supported on vy-

Al203, proving that the latter had much higher activity in comparison to the former.

Rahmani et al. [91] prepared a series of nickel-impregnated mesoporous y-Al2O3 with
high specific surface area containing 10-25 wt.% Ni. CO. conversion increased with
increasing Ni content from 10 to 20 wt.%, while the incorporation of higher amounts of
Ni (25 wt.%) decreased both CO- conversion and CHa selectivity. This was explained by

decreased Ni dispersion as a result of the formation of bigger crystallites. Additionally a
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selected catalyst was calcined at various temperatures, the increasing calcination
temperature had a negative influence on both CO2 conversion and selectivity towards
CHa, because of increased NiO crystallite sizes, the decrease of the surface area and the

growing fraction present as inactive NiAl;Oa4.

In order to obtain high dispersion of inorganic salts on the support Song et al.
compared Ni(20wt.%)/Al>03 catalyst prepared by microwave-assisted method and
impregnation [111]. The former preparation procedure resulted in enhanced CO:
adsorption capacity and increased Ni reducibility. The respective Ni dispersion calculated
from H>-TPR was 25.3 and 16.6%. As a result, enhanced activity and high selectivity
towards methane of the former catalyst at low temperatures was registered. Moreover, the

activity of the former remained almost unchanged during 72h stability tests [111].

Silica - SiO»

Silica is used in catalysis as one of typical supports. Lu et al. [112] investigated SBA-
15 with Ni particles grafted via ammonia complex ions (Ni(NH3)x)?*) to form the
chemical bond O-Ni-O-Si-O. As a reference material NiO supported on SBA-15 was
obtained in a conventional post-synthesis method. The obtained results showed very high
dispersion of grafted nickel, which resulted in much higher activity in CO, methanation
in comparison to the conventional NiO/SBA-15 catalyst. Additionally, the results
suggested that nickel was not fully reduced, thus Si-O-Ni could play an important role in
CO. adsorption, which was, according to the authors, the explanation of much higher

activity of grafted Ni-SBA-15.

Ni impregnated SiO» catalyst treated under glow discharge plasma (under nitrogen
and hydrogen atmosphere) and the effect of such modification was studied by Zhang et
al. [113]. High catalytic activity was obtained with CO conversion of 90% at low
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temperature (250°C), which was assigned to partial reduction of the catalyst under
hydrogen plasma treatment. Both conversion of CO> and yield of CH4 were higher than

for the catalysts prepared by conventional impregnation and calcination method.

Magnesia — MgO

Magnesia is another commonly studied support for nickel-based catalysts because of
its high Lewis basicity, which enhances CO, adsorption and thus is crucial for carbon
dioxide methanation reaction. The most important advantage of magnesia as the support
is the possibility to form a solid solution of NiO-MgO at any molar ratio due to similar
ionic radii, of 0.065nm and 0.072nm for Mg?* and Ni?*, respectively[114]. This results in

increased metal-support interaction preventing the sintering of the catalyst [115].

Yan et al. [116] prepared NiaMgOx (a=0.5, 0.8, 1.0 and 1.2) catalysts for CO:
methanation. NiO, MgO and Ni-impregnated MgO were studied as reference materials
for comparison. The samples containing low amounts of nickel (NiosMgOx and
Nio.sMgOx) showed rather poor activity at temperatures below 300°C. The sequence of
CO2 conversion was Niz.oMgOx > NiosMgOx > Ni1.2MgOx> NiosMgOx > Ni/MgO (imp.).
The reference samples NiO, MgO and Ni/MgO showed no activity in CO, methanation
reaction at temperatures below 350°C. This was assigned to the essential role of
synergetic interaction between nickel and magnesia for CO, methanation. The increased
activity of NiaMgOy catalysts was explained by improved dispersion of active Ni species
on Ni-Mg mixed oxide. On the other hand, the decreased activity of the sample containing

the highest amount of Ni was attributed to possible aggregation of surface Ni particles.
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Ceria — CeO2

Ceria is another interesting support that has been studied for Ni-based catalysts for
CO2 methanation because of its efficient heat exchange due to high conductivity.
Ratchahat et al. [117] prepared structured Ni/CeO> catalysts (honeycomb-type structures
—plain, stacked, segment and multi-stacked). Moderate hot spots were observed for multi-
stacked catalyst which was examined for reboosting the catalytic activity. The 76h
stability tests proved good stability of the catalysts, with initial CO conversion of 92.7%

at 300°C dropping only by 0.6% and selectivity towards CH4 remaining 99.9%.

Zirconia—ZrO»

The effect of combustion media used during calcination of the materials on the
catalytic activity of Ni/ZrO; catalysts in CO2 methanation was investigated by Zhao et al.
[118]. Ni/ZrO2 materials containing 15 wt.% of Ni, were prepared by combustion method
using different agents, such as urea, glycerol, glycol, ethanol and n-propanol.
Reducibility, pore structure, Ni particle size and CO- adsorption capacity was strongly
influenced by the combustion medium. The most active catalyst was the one prepared
using urea, with the optimum nickel loading of Ni/ZrO; of 15 wt.%. This catalyst had
much higher resistance to carbon deposition than the one prepared by impregnation

method.

Ceria-Zirconia

Because of its high redox properties, good thermal stability and resistance to sintering
Ceria-Zirconia is another widely studied support for catalysts. The addition of zirconia
stabilizes ceria through the formation of a solid solution of ceria-zirconia in the whole

composition range. In comparison to CeO2 such support possesses much higher basicity
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[119-121] and improved thermal and textural features [122]. It was also found that ceria-
zirconia exhibit excellent catalytic activity and stability during 150h TOS, which was

explained by high oxygen storage capacity and highly dispersed nickel [119].

Further studies of Ocampo et al. [120] on Ni-ceria-zirconia catalysts obtained by
sol-gel and impregnation methods showed that the high activity of these materials in CO-
methanation was related to interaction between Ni%* and Ce-Zr support. The existance of
Ni on both surface and inside ceria-zirconia structure improved the redox properties.
Trovarelli et al. claimed that the presence of bulk oxygen vacancies was a driving force
for carbon dioxide activation [123]. In contrast, Pan et al. [63] studied carbon dioxide
methanation over Ni-ceria-zirconia and Ni-y-Al2Os catalysts using in-situ FTIR
spectroscopy. The reaction mechanism for both catalysts was concluded to be the same
but with different reactive basic sites. The assumption was that monodentate carbonates
on medium-strength basic sites could be hydrogenated more rapidly than bidentate
formates. Thus, it was proposed that medium-strength basic sites enhanced the activity of

the catalyst in CO2 methanation.

Titania - TiO-

Another support, which was reported as showing good ability to suppress carbon
deposition was titania. This was attributed to TiOx species, which are formed during
reduction with hydrogen that can migrate to nickel particles and create Ni-O-Ti®* species
that can promote oxidation of deposited carbon to CO. Ni/TiO. materials prepared using
incipient wetness impregnation method were used as catalysts for CO, methanation by
Zhou et al. [124]. The obtained material was divided into two parts, one was calcined and
the other one was decomposed under DBD plasma for 1h. The plasma-treated catalyst

showed higher CO2 conversion and selectivity towards methane when compared to the
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conventionally calcined catalyst. This was explained by smaller metallic Ni crystallites,
which were 14.4 nm (DBD) and 17.9 nm (calcined). The effect of nickel content on
activity of 5-20 wt.% Ni/TiO containing was studied by Liu et al. The optimal amount
of nickel was found to be 15 wt.%, with higher amounts of nickel (20 wt.%) showing

almost similar performance as the former catalyst [125].

Zeolites

Zeolites were studied as prospective catalysts for carbon dioxide methanation reaction
by Graca et al, Wastermann et al. and Bacariza et al. [62, 106, 126]. Their acidic-basic
properties can be tailored to some extent, depending on the applied chemical and physical
treatment methods. The effect of preparation method and pre-reduction conditions on the
performance of Ni containing ultra-stable Y zeolite (USY)) was studied by Bacariza et al.
[126]. The catalysts prepared via microwave method showed similar performance as
those treated by calcination. The samples containing higher amount of nickel (14 wt.%)
were more active and resistant to Ni sintering at higher temperatures (550°C) than the

catalyst containing 5 wt.%.

Mixed oxides

LaNiOs3 perovskites as catalysts for CO2 methanation were studied by Gao et al. [108].
Prior to the reaction the materials were reduced in-situ using reactant gases (CO2+H>) for
7h at different temperatures (400, 500, 600 and 700°C). The performance of the catalysts
was compared to 5%Ni/La;0.CO3 as reference sample. The catalytic performance
followed the sequence: LaNiOs activated at 500 > 600 > 700 > 400 > 5%Ni/La2,03CO:s.
The treatment temperature influenced the metal particle size, which was 7.1, 8.4, 10.3 and

13.2 for samples activated at 400, 500, 600 and 700°C, respectively. It was concluded
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that the reason for enhanced catalytic activity was the activation leading to the formation

of well dispersed metallic nickel particles covered by oxocarbonate species of La202COa.

Comparison of the supports

A direct comparison of the influence of different supports on the catalytic
performance in carbon dioxide methanation is impossible, because the catalysts presented
above were studied under different reaction conditions (temperature, flow, mass, GHSV).
However, some general conclusions may be drawn. Different preparation methods
influence strongly the metallic nickel particle size and the interaction between active
phase and the support, both resulting in differences in catalytic performance. There are
only a few articles comparing Ni catalysts on different supports tested under the same

conditions in CO, methanation reaction, as reported below.

The effect of various nickel supports (ZSM-5, SBA15, MCM-41, Al,Oz and SiO>) on
the catalytic performance in CO, methanation reaction were studied by Guo et al. [127].
All the catalysts were prepared by impregnation method. At 250°C the CO2 conversion
followed the sequence: Ni/ZSM-5 > Ni/SBA-15 > Ni/Al,0z > Ni/SiO2 > Ni/MCM-41.
The catalytic activity was correlated with the amount of weak and medium-strength basic
sites, which as suggested by CO. desorption behavior, have a positive effect on the
methanation reaction and catalytic activities. The reduction of NiO species caused
defects in the Ni/ZSM-5 catalyst, which was responsible for anchoring sites for active

metallic Ni particles.

Tada et al. [96] studied the effect of CeO,, a-Al203, TiO2 and MgO. The CO>
conversion followed the sequence: Ni/CeO2 > Ni/a-Al,03 > Ni/TiO2 > Ni/MgO. Ni/CeO;

showed the highest activity among all studied catalysts, with selectivity towards methane
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very close to 100%. The high activity of Ni/CeO2 was attributed to the surface coverage

by CO»-derived species on CeOy, as well as a partial reduction of surface CeO..

Le et al. [128] studied Ni supported on TiO2, y-Al.03, CeO2, ZrO; and SiO; in both
CO and CO, methanation. The catalytic performance of the catalysts in CO2 methanation
at 250°C followed the sequence: Ni/CeO2 >> Ni/ZrO; > Ni/SiO2 > Ni/TiO2 > Ni/y-AlOs.
The superior activity of Ni supported on CeO> was attributed to high Ni dispersion and

increased CO> adsorption capacity.

Ni-based catalysts supported on Al203, Y203, ZrOz, La203, CeO2 and Sm,O3 prepared
by impregnation were compared in CO. methanation by Muroyama et al. [129]. The
performance at 250°C followed the sequence: Ni/Y203 > Ni/Sm>03 > Ni/ZrO2 > Ni/CeO>

> Ni/y-Al;03 > Ni/Laz0:s.

Mixed oxide — Hydrotalcite-derived catalysts

Especially interesting materials for CO, methanation are hydrotalcite(HT)-
derived catalysts. Such materials may form nano-oxides after thermal treatment at
appropriate conditions. The advantage of such materials is that alumina and nickel may
be introduced into their structure in close and strong contact, and there is a possibility of
introduction of magnesia and few other additives, both on and into the structure. It has
been reported that such materials show good catalytic properties e.g. in dry reforming of
methane [130]. Several aspects were investigated in case of CO2 methanation such as (i)
the amount of Ni, (ii) the size of metallic Ni crystallites (iii) reducibility of Ni species and

(iv) the basicity and distribution basic sites of hydrotalcite-derived materials.

Gabrovska et al. [131] studied the influence of Ni/Al molar ratio (between 0.5 and

3) and the reduction temperature on the performance of Ni-Al-HT-derived materials in
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CO2 methanation, with the removal of small amounts of CO from a mixture containing

low amounts of carbon dioxide, using considerable hydrogen excess.

He et al. studied Ni-Al hydrotalcites, with well dispersed stable nickel particles
after thermal treatment. The authors claim that the enhanced activity was a result of both

highly dispersed nickel particles and the presence of moderate and strong basic sites [6].

Fan et al. studied Ni-Mg-Al hydrotalcites containing nickel prepared by incipient
wetness impregnation method of MgAI>04 with Ni nitrate. One part of the impregnated
material was calcined at 500°C, while the other was treated by DBD plasma in order to
decompose the nickel precursor. The latter treatment resulted in higher Ni dispersion,
which was 7.1%, as compared to 6.0% for the calcined sample. Additionally, the sample
treated with plasma showed higher BET surface area. Basing on the results of catalytic
tests the authors concluded that smaller Ni particles (for DBD treated sample) resulted in

the enhanced hydrogenation of CO, to methane [132].

HT-derived Ni/Al catalysts obtained by co-precipitation at pH of 8.7 and 12 were
studied by Abate et al. [133]. The Ni-HT catalyst obtained at pH=12 showed better
catalytic performance than both the one obtained at pH=8.7 as well as the commercial
reference catalyst. The authors claimed that the higher activity is related to higher Ni

species reducibility and higher dispersion of nickel.

Long (50h)-catalytic tests over Ni (59 wt.%)/Mg/Al HT-derived catalysts were

performed by Bette et al. and the catalysts remained stable [134].

Ni-Al HT-derived materials modified with Fe and Mg were prepared by Wang et
al. [135]. Even low amounts of iron incorporated into Ni-Al hydrotalcites led to improved

activity at low temperatures (200-250°C). The catalytic activity of the materials increased
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from 16.4% at 206°C for Ni-Al-HT to 80.8% and 81% for 0.05 Fe-Ni-Al-HT and 0.25
Fe-Ni-Al-HT, respectively. However, the incorporation of Fe increased also the
selectivity towards ethane, while the incorporation of Mg to Ni-Al resulted in increased
CO; adsorption capacity, thus accelerating carbon dioxide conversion. The positive effect
of the addition of Mg and Fe on the catalytic activity was observed only at low

temperatures (>300°C), with almost no difference at higher temperatures.

It should be mentioned, however, that the decrease in CHs selectivity was not
observed by Mebrahtu et al. [136] who studied iron promoted nickel containing
hydrotalcite catalysts. The incorporation of iron into Ni-HTs increased the dispersion of
metallic Ni. This resulted in enhanced activity, as well as selectivity towards methane.
This was explained by small-sized metal particles facilitating CO dissociation and

increasing surface basicity.

The promoting effect of La addition to Ni-containing hydrotalcites was studied by
Zhang et al. [137]. Various amounts of La (0, 2, 5 and 8 wt.%) were added to HT
containing 15 wt.% of Ni, which improved the catalytic activity in CO2 methanation. The
optimum amount of La was found to be 5 wt.% and the improved performance was related
to higher Ni dispersion, decreased Ni particles size and enhanced CO; adsorption
capacity. Zhang et al. also compared the conventional method of HT synthesis with that
using urea. (5wt.%) Ni dispersion as well as CO> adsorption capacity was improved for

the catalyst obtained by the latter method as compared to the former one.

4.3.2.2. The effect of promoters

Promoters are added to catalytic systems in order to enhance their catalytic
activity, selectivity and/or stability. The influence of a promoter on the activity may be

explained by its modification of catalyst structure e.g. specific surface area, which is
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crucial because of kinetic limitations of CO, methanation. Also basicity and size of Ni

crystallites may be influenced. The most commonly studied promoters for CO:

methanation reaction can be divided into three groups (i) alkali or alkaline earth metals

e.g. Mg, Ca, Ba, (ii) rare earth elements e.g. La, Ce, Zr, Y and (iii) other metals e.g. Fe,

Co, W. Table 4.5 lists the promoting effects of various promoters used in CO:

methanation found in literature.

Table 4.5 Literature data of the promoting effect of various additives

Promoter Loading Ni Support Effect of promoter addition Ref.
(Wt.9%)  (wt.%)
Mg 1 10 SiO, Increased interaction between Ni-Mg, | [138]
resulting in increased Ni dispersion and
small Ni particles
Mg 2.5 3.7 usy Smaller Ni° particles, enhanced CO- | [139]
zeolite molecule activation due to presence of
defective  surfaces containing low-
coordinated protruded oxygen atoms
K 0.3 78 v-Al,Os  Increased amount of basic sites [6]
Ca 8 10 v-Al203 intensified surface basicity [140]
Ba 4 10 SiO2 Enhanced catalytic activity [141]
La Increased amount of surface Ni species, | [137,
enhanced basicity and stability 142-
144]
Ce CNTs Increased activity and stability, [97]
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Ce 2.5 10 v-Al203  Increased specific surface area, resistance | [145]
to carbon deposition, lower reduction
temperature, reduced particle size of NiO

Ce Increased Ni dispersion, stabilization of B- | [146]
type NiO species, that are reduced at lower
temperatures

La, Ce 1 15 ZrOz Increased NiO dispersion, enhanced | [147]

Fe or Co thermal stability

Mo 10 10 v-Al203  Enhanced activity due to increased CO. | [148]
adsorption capacity

Y Y/I(Y+Zr)=0.333  ZrO; Enhanced catalytic performance [149]

Mn - - Improved Ni dispersion, increased amount | [150,
of medium-strength basic sites and | 151]
prevented agglomeration of metallic nickel
during reaction

Fe 2.5 7.5 Al>Os, Strong electron-donating ability (Fe?*), | [152]

Zr0Og, increased Ni dispersion
TiOy,
SiO2

Li et al. [153] prepared NiO-MgO NPs (nanoparticles), containing various

amounts of Ni and Mg, using surfactant-assisted chemical co-precipitation method,

followed by thermal treatment and encapsulation by a porous silica shell (@SiO2) by

modified Stober method. Additionally, pure Ni and MgO were used as reference catalysts.

The obtained results showed that Ni@SiO, showed significant improvement in

comparison to pure Ni at 350°C with CO2 conversion reaching 78% and selectivity

72




Chapter 4. Carbon dioxide methanation

towards methane of 98%. The addition of MgO to the catalytic system resulted in
increased Ni dispersion, which influenced positively the catalytic activity. However, the
increasing content of Mg resulted in higher selectivity towards CO. The catalyst with 6.3
wt.% of Mg showed the better catalytic activity than those containing 5, 7.7, 16.5 and

34.2 wt.%.

The effect of various impregnation methods on the catalytic performance in CO>
methanation of MgO modified Ni/SiO> materials was studied by Guo et al [138]. Two
strategies were considered (i) co-impregnation with a solution of Ni(NOz). and Mg(NOs):
and (ii) first impregnation of SiO. with magnesium nitrate, followed by heat treatment,
and further impregnation with nickel nitrate solution. The co-impregnated catalyst co-
Ni/IMg/Si (10 wt.% Ni and 1 wt.% Mg) showed superior activity with almost 100% CO>
conversion at 350°C. It remained stable during 50h, which was attributed to the
synergistic effect of Ni and Mg species. On the other hand, the samples obtained by the
second type of impregnation showed similar catalytic activies as the catalyst prepared
using the first type of impregnation. In the case of the catalyst prepared using the first
type of impregnation the catalytic activity decreased during 50h stability tests from ca.
93% to 91.2 and 89.9% at 350°C. The incorporation of higher amounts of Mg (2 and 4
wt.%) resulted in partial blockage of active sites, which resulted in decreased activity of

the catalysts.

In contrary, Guo et al. [141]reported that the incorporation of 4 wt.% of MgO into
Ni/SiO, catalyst lowered the reducibility of the nickel species compared to the non-
promoted ones. However, the authors did not mention, which temperature was used for

the in-situ reduction.
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Potassium was also studied as prospective promoter of Ni-based catalysts. He et al.
[6] prepared Ni/Al.O3 hydrotalcites impregnated with 0.3wt.% K. The obtained results
proved that the incorporation of K led to increased number of basic sites, thus enhancing
the catalytic activity of the sample in the CO2 methanation reaction. This was explained
by a higher number of basic sites after incorporation of potassium. However, no stability

tests were performed for these catalysts.

The promoting effect of Ca incorporation into Ni-Al mesoporous composite oxides
was studied by Xu et al. [140]. The obtained CO>-TPD results proved that Ca doping
resulted in intensified surface basicity, and a significant increase in the catalytic activity
at low temperatures (<250°C). The optimal amount of Ca doping was found to be 8wt.%.
On the contrary [141], the introduction of Ca into Ni/SiO2 catalyst did not improve the
catalytic activity. It should be mentioned, however, that the conditions of reduction were

not specified.

Barium addition to Ni/SiO- catalyst, led to significant increase of the catalytic activity
due to the increased number of basic sites [141]. However, during the stability tests

significant sintering of metallic Ni phase was registered.

Lanthanum was another widely studied promoter to CO, methanation Ni-
containing catalysts. Ni-La-promoted SiC catalysts prepared via impregnation method
were studied by Zhi et al. [154]. The increased activity of La-promoted catalyst was
assigned to the basic nature of lanthanum oxide, which favors dissociative adsorption of
carbon dioxide and contributes to lowering the C-O bond strength and increased
interaction between Ni-C. Qin et al. [142] reported that La-promoted (Ni-2La-Al) catalyst
was highly stable in comparison to a reference catalyst (Ni-Al). This was attributed to the

formation of Al,O3-La,0Os structure stabilizing and limiting sintering of metallic Ni [143].
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Michalska et al. [144] studied similar materials and explained that the beneficial
promoting effect of La was due to the creation of higher amount of Ni active surface sites
and a synergistic effect between highly dispersed nickel particles and lanthanum oxide.
Additionally, this article reported that the La-promoted catalyst showed much higher
stability compared to NiO-Al>Oz. Chen et al. [155] found that the incorporation of La into
Ni/Al203 led to increased reducibility, higher Ni dispersion and smaller Ni particle size,

which resulted in improved catalytic activity of CO, methanation.

Ceria promoted Ni-Al.03 and Ni-CNTs, both obtained by impregnation, were studied
by Feng et al. [97]. In both cases the incorporation of Ce resulted in enhanced activity in
the reaction, with Ce-Ni-CNTs showing catalytic performance better than Ce-Ni-Al>Os.
Sintering of Ni was decreased for the former as compared to the latter. Studies performed
by Zhou et al. [145] for CeO2 promoted Ni-containing mesoporous y-Al,Oz showed that
ceria incorporation increased the specific surface area, reduced the NiO particles size,
increased resistance to carbon deposition, strengthened thermal stability and decreased
the reduction temperature. Ni/MCM-41 catalysts promoted with various amounts of ceria
were reported by Wang et al. [156]. It was found that the Ni dispersion was significantly
influenced by the supports structure and the addition of CeO could effectively stabilize
nickel species. The catalytic activity of ceria-promoted catalysts was enhanced due to

increased CO> capacity and higher activation of adsorbed CO:..

Yttrium was also found to be a good promoter. Its effect on the performance of
Ni/ZrO; catalyst was studied by Takano et al. [149]. Samples with yttrium showed much
higher CO; conversion than Y-free catalyst, which was strongly dependent on the Y3*

concentration with higher activity obtained at the molar ratio Y/(Zr+Y) = 0.333.
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The promoting effect of vanadium on Ni/Al,Oz catalyst was investigated by Liu et al
[157]. The incorporation of V improved the H» uptake, resistance to coke formation, Ni
dispersion and led to formation of small Ni particles, which influenced positively the

activity in CO2 methanation.

Zhao et al. [150] studied Mn-promoted Ni supported on Al,O3 catalysts. The
incorporation of manganese inhibited the formation of NiAl2O4, thus improving the CO>
conversion. It resulted also in increased reducibility because of the weakened interaction
of Ni with the support, improved Ni dispersion, increased number of medium-strength

basic sites and prevented agglomeration of metallic nickel during the reaction.

The effect of Fe incorporation into Ni-Al>Os, obtained by impregnation, was studied
by Kang et al. [158]. The best catalyst with the highest CO> conversion and CHs
selectivity was Nig7Fegs/Al203 (%mol). Further increase in Fe content resulted in
decreased selectivity towards methane, enhanced the RWGS reaction and led to higher
hydrocarbon selectivity. The crucial role of Fe on the dispersion of NiO nanoparticles,
and, as a result, increased number of reduced active nickel species, was reported by Lu et
al. [147] and Pandey et al. [152] studies for a series of Ni-Fe bimetallic catalysts
supported on ZrO,. TEM images confirmed that the average size of NiO particles on Ni-
ZrO; catalyst was much bigger than those dispersed on Ni-Fe/ZrO,. The catalyst doped
with Fe showed superior activity in CO2 methanation reaction. Optimum amount of iron
was found to be 3 wt.% in Fe promoted Ni/ZrO as reported by Ren et al. [159]. The
enhanced CO; conversion was ascribed to the fact that Fe?* (strong electron-donating
ability) was present after reduction of the catalyst that can promote the reduction of both
nickel and zirconia, which resulted in more reduced nickel species on the catalyst surface,
as well as more oxygen vacancies produced by partial reduction of ZrO,, thus improving
the catalytic performance.
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Hwang et al. [93] compared the influence of Fe, Zr, Ni, Y and Mg incorporation to
Ni-Al,O3 xerogel materials (AX). The CO2 conversion followed the sequence (the
numbers in catalyst designation denote wt.% of metal): 35NiFe5AX > 35NiZr5AX >
35NINiISAX >35NiY5AX > 35NiMg5AX, indicating the positive role of the second
metal. the highest CO> conversion and yield of CHswas registered for Ni35Fe5AX, which
was assigned the most optimal CO dissociation energy and weakened metal-support

interaction.

The activity of Ni(12wt.%)/Al>0O3s promoted with 5 wt.% of La,Ce, Pr, Eu or Gd at
250°C followed the sequence: Pr-12%Ni-Al203 > Gd-12%Ni-Al203 > Ce-12%Ni-Al203
> Eu-12%Ni-Al,03 ~ La-12%Ni-Al,0O3 [160]. The increased activity of Pr-containing
catalyst was attributed to inhibited crystal growth and higher surface area as compared to

other lanthanide promoted catalysts.
4.3.2.3. The effect of Ni particle size

Nickel particle size and nickel dispersion are often discussed as a factor influencing the
activity and selectivity of CO> methanation [103, 161, 162]. It has been reported that
small nickel particles increase the rate of CO formation, which results in lower CH4
selectivity [163, 164]. The mechanism of CO. hydrogenation is strongly dependent on
the metallic Ni particle sizes, the key intermediate is HCOO formed from adsorbed CO-
and Hz. On small metallic Ni particles this intermediate is decomposed to CO, which is
hydrogenated to methane. However, the low amount of Hz over small metallic Ni particles
favors carbon monoxide formation. On the contrary, formate as intermediate on larger Ni
metallic particles can be directly hydrogenated to methane due to higher amount of Hz on
the metallic surface and a higher methane production in comparison to CO may be

observed.
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Summary

The presented review on nickel and nickel-promoted catalysts shows that the
catalytic performance in CO, methanation reaction depends strongly on a number of
factors. The supports nature is crucial in high activity of carbon dioxide methanation.
Single and mixed oxides, zeolites, clays or mesoporous materials showed good potential
as supports for Ni. Due to the fact that most of the catalysts were prepared using different
methods, contained various amounts of nickel and were tested under different conditions
it is rather hard to establish the best support and promoter. However, some general trends
in CO2 methanation catalysts may be established.

As shown in the review, the main focus is on the preparation of materials
characterized by high dispersion and small size of nickel particles, which can be achieved
by increased interaction between Ni-support. However, strong interaction of Ni-support
may significantly decrease the reducibility of nickel species, leading to a lower number
of active metallic Ni species, negatively affecting the CO, conversion.

The addition of promoters can improve the properties of materials. A positive
effect of addition of promoters with basic properties is stressed in literature. Another way
to increase the activity, as well as stability of catalysts for CO, methanation, is the
addition of a second metal, thus creating a synergetic effect between nickel and other
metal species. It was found that the effect of the promoter addition was strongly dependent
on the method of introduction, promoter loading, as well as the used support. It is also
important to choose the right preparation method, which may affect the Ni dispersion, as

well as metallic Ni particle sizes, influencing CO. methanation activity.
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5. Double layered hydroxides — hydrotalcites-type compounds

Hydrotalcite is a naturally occurring mineral discovered in 1842 in Sweden, with a
formula of [MgsAl2(OH)16]CO3°4H.0. The structure is related to that of brucite
(Mg(OH),), with 6 OH- coordinated Mg?* octahedra sharing the edges and forming an
infinite sheet, with OH- ions located perpendicularly to the planes of the layers, as shown
in Fig 5.1. The sheets are stacked one on another and form a 3D structure through weak
interaction of hydrogen atoms. The sheets may be stacked on each other in different ways
resulting in various possible polytypes. The two possible stackings that are most often
found are rhombohedral (3R) and hexagonal (2H).

In hydrotalcites the Mg?* ions are substituted by trivalent AI** cation, due to the fact
of similar ionic radii of Mg?* and AI®*, which makes exchange possible. The positive
charge of brucite layers is compensated by interlayer anions. The interlayer spaces of
hydrotalcites are filled with randomly distributed water molecules and anions. The
interaction between hydroxyl groups of the brucite layers and the interlayer anions is a
combination of electrostatic effect and hydrogen bonds [165]. The arrangement of the
layers influences the hydrotalcites structure, which may have rhombohedral or hexagonal
symmetry, with unit cell build up of three or two hydrotalcite layers, respectively. The
most common for natural and synthetic hydrotalcites is rhombohedral symmetry [3, 166-

168].
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Figure 5.1 Scheme of the hydrotalcite structure

After the discovery of hydrotalcite, a large number of minerals with different
composition, but a similar, hydrotalcite-like structure, have been discovered and/or
developed. Nowadays, the name hydrotalcite, layered double hydroxides or hydrotalcite-
like compounds, is used to describe a large group of minerals listed in Table 5.1. The
main difference between these minerals is the replacement of cations in the brucite-like
layers. The general formula of hydrotalcites can be represented as: [M'"*.
M (OH)2][(A™yn) *mH20], where: M'* and M'"* are divalent and trivalent cations, A

- anions present in the interlayer and x - the mole fraction of trivalent cations.
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Table 5.1 Selected minerals from hydrotalcite and manasseite group (adapted from [169])

Unit cell
Mineral Formula parameters Symmetry
a c

Hydrotalcitt ~ MgsAl2(OH)16CO3°4H20 3054 2281 3R
Manasseite MgsAl2(OH)16CO3+4H,0 3.10 15.6 2H
Pyroaurite  MgsFe2(OH)16CO3+4.5H20 3.109 23.41 3R
Sjogrenite  MgeFes(OH)1eCOs4.5H,0 o113 1961 2H
Stichtite MgsCra(OH)16CO3+4H0 3.10 23.4 3R
Barbertonite  MgsCrz(OH)16CO3+4H.0 3.10 15.6 2H
Takovite  NigAl2(OH)16C0O3,0H*4.5H,0  3.025 22 59 3R
Reevesitt  NigFez(OH)16CO3+4.5H20 308  22.77 3R
Desautelsite ~ MgsMn2(OH)16CO3°4H20 3.114 23.39 3R

The synthesis of hydrotalcite-like materials can be easily carried out in a laboratory,
however, in order to obtain materials of high purity, a few requirements have to be
fulfilled. Divalent or trivalent cations that are introduced in place of Mg?* and AI** need
to have ionic radii similar to Mg and Al. The molar ratio of divalent to trivalent cations
should be between 0.2 and 0.33 in order to obtain a HT-like structure. The introduced
amount of cations is another important factor, which can affect the structure of the
synthesized HTs. E.g. the introduction of high amounts of Cu?* or Mn3* may cause the
formation of a separate phase of carbonate or hydroxide, as a result of Jahn-Teller effect,
which involves the distortion of the octahedra. As reported in literature it is also possible
to introduce monovalent and tetravalent cations to the brucite-like layers. Pavel et al.

[170] reported the synthesis of Li/Al HTs, while Tichtit et al. [171] introduced Zr** and

81




New nano-oxide catalysts for CO, hydrogenation reaction

Velu et al. [172]Sn**. On the other hand, the only limitation to the nature of the introduced
anions is that they should not form complexes with the cations present in the brucite-like
layers of the hydrotalcite. The type of anion present in the interlayer spaces influences
also the distance between brucite-like layers and the parameter ¢ of hydrotalcite unit cell.
Carbonates and nitrates can be eliminated easily during calcination, whereas anions that
form metal complexes can still be present in the material even after calcination [173]. The
families of anions that can be found in hydrotalcites interlayer spaces are:

- Halides (F,CI, Br, I

- Non-metal oxoanions (COs%, NO3", BOs*, AsO4*, Se0.*, BrOq, etc.)

- Oxometallate anions (VO4%, CrO4%, MnOy, etc,

- Complexes of transition metals (Fe(CN)es>, [Metal EDTA)]?, etc,

- Volatile organic anions (CHsCOO-, C¢HsCOO", C,04%, etc,

- Anionic polymers.

Hydrotalcites properties

The physicochemical properties of hydrotalcites are strongly dependent on the
chemical composition and preparation method. However, some features, such as basic
character and memory effect, are common for LDHSs regardless of the preparation
method. One of the most important features of such materials is the formation of
homogenous mixture of well-dispersed elements in the brucite-like and inter-layers [168].

Other very important features are:
(1) The thermal decomposition behavior of hydrotalcite-like materials is similar
even though they may differ greatly in the composition. During the thermal
decomposition four steps may be identified: (1) removal of physically

adsorbed water from the external surface at temperatures below 100°C, (2)
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(i)

(iii)

(iv)

interlayer water removal up to 250°C, (3) removal of hydroxyl groups from
the layers and decomposition of interlayer anions and (4) formation of mixed
nano-oxides of periclase-like structure;

High specific surface area of mixed oxides obtained after the thermal
decomposition of hydrotalcite-like materials. Carbonates present in
hydrotalcites leave the structure in the form of CO2 during calcination, which
results in the formation of porous structure (with mesopores of about 8 nm);
Hydrotalcites possess high anionic exchange capacity related to their lamellar
structure, which allows to exchange anions present in the interlayer region.
The exchange capacity of hydrotalcite-like materials is higher than that shown
by cationic clays and is typically in the range of 200-400 cmol/kg.

Generally, HT-like materials are basic. The basic strength and the distribution
of sites is dependent on the chemical composition of brucite-like layers. Thus,
acid-base properties can be tailored to by substitution of cations present in the
layers with other having stronger basic properties, as well as the introduction
of some species with acidic properties into the interlayer spaces of HTSs.
Typically, mixed oxides derived from hydrotalcites obtained after thermal
decomposition possess three types of surface basic sites as confirmed by CO>
adsorption experiments [174] and presented in Fig. 5.2: (i) weak Bronsted
basic sites — surface OH groups, (ii) medium-strength Lewis M-O pairs and

(iii) strong basic sites related to low coordinated O% anions [174, 175].
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Figure 5.2 Hydrotalcites: types of basic sites - CO; species adsorbed (adapted from [174])

(V) HT-derived mixed oxides exhibit a so-called memory effect, which is the
ability to recover layered structure after their thermal decomposition. It is
possible if LDHs come into contact with a solution containing appropriate
anions. This effect is, however, retained only if hydrotalcites were calcined at
certain temperatures, usually lower than 500°C.

As a result of their exceptional properties hydrotalcite-like and hydrotalcite-
derived mixed oxides have found a large number of applications in various fields, as

illustrated by Fig 5.3.
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Figure 5.3 Existing and possible applications of hydrotalcite-like materials (adapted from [3])

Because of a wide range of possible cations present in the brucite-like layers,
hydrotalcite-like materials are considered for a large number of applications in catalysis,
among others:

- Methanation of CO [176] and CO; [177],

- Dry reforming of methane [178],

- Partial oxidation of methane [179],

- Ethanol steam reforming [180],

- Methanol [181] and higher alcohol [182] synthesis,

- Selective oxidation of alcohols to aldehydes [183],

- Reduction of aldehydes to alcohols [184],

- Epoxide ring opening [185],

- Epoxidation [186],
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- Aldol condensation [187],
- Cyanoethylation [188],
- Michael reaction [189],

- Transesterification [190].

5.1. Hydrotalcites preparation methods
There are several methods of synthesis of hydrotalcite-like materials. The most often
used are precipitation and urea method. The obtained materials may be further modified,
among others by anion exchange, reconstruction method, microwave or hydrothermal

treatment.

There are additionally several different synthesis methods, which are rarely used, such
as hydrothermal synthesis [191], salt-oxide method [192], electrochemical synthesis
[193], reverse microemulsion method [194], sol-gel method [195], separate nucleation

and aging steps (SNAS) method [196], etc.

The three main routes for synthesis of hydrotalcite-like materials are schematically
shown in Fig. 5.4: (i) the synthesis of hydrotalcite with metal cations incorporated into
the brucite-like layers of hydrotalcite, (ii) the thermal treatment of obtained hydrotalcite,
followed by impregnation of the obtained mixed oxide and (iii) ion-exchange of the
anions present in the obtained hydrotalcite using anionic metal precursor with the desired

metal.
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Figure 5.4 The main routes leading to HT-derived supported metal catalysts (adapted from
[197])

The most commonly studied method of HTs synthesis is co-precipitation at
constant pH, which involves a dropwise addition under vigorous stirring of a mixture
containing divalent and trivalent metal salts into an alkaline solution. The co-precipitation
can be carried out at variable or constant pH. The former results in the formation of
hydroxides or hydrous oxides, followed by co-precipitation and formation of LDHs after
addition of a base solution. The latter is recommended if high homogeneity is desirable.
In order to maintain the pH at desired values the metal salt solution is added dropwise
together with the base solution.
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Co-precipitation mechanism is based on condensation of hexa-aqua complexes in
a solution, forming brucite-like layers with metallic cations distributed homogenously,
and solvated interlayer anions [198]. The XRD analysis of the precipitates showed the
formation of both main layers and interlayers at an early stage, without observable
delamination. The interlayer anions may origin from the metal salts used for precipitation.
If the co-precipitation is performed at high pH, the interlayer anion may be OH-
originating from the alkaline solution. If sodium carbonate is used the interlayer anion

will be CO3? due to its high affinity.

In this way a wide range of hydrotalcites with various chemical compositions can
be synthesized. They may be further modified using ion-exchange, dehydration-
rehydration or hydrothermal treatment in order to tailor the properties for appropriate

applications.

Urea hydrolysis method

This preparation method has the same principle as the co-precipitation described
above, with the exception that in this case a urea solution is used. In the co-precipitation
method supersaturation of the precipitating agent is reached rapidly, resulting in the
nucleation of hydroxides and particle aggregation, resulting in a wide range of particle
size distribution. On the contrary, using urea as precipitating agent leads to the separation
of nucleation and aggregation, resulting in monodisperse particles. The particle size can
be controlled by the hydrolysis rate, with larger particles formed at lower temperatures
due to lower nucleation rates [199]. This method was reported to be suitable for obtaining
Mg-Al hydrotalcites with high layer charge density [200] and HTs with well-defined

hexagonal shape due to low supersaturation [201].
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Anion exchange method

The goal of anion exchange method is to introduce different anions into the
interlayer spaces of already formed hydrotalcites. It exploits the anion exchange
properties of LDHs and is useful if the incorporation of metal cation or anion is impossible
during co-precipitation method, because of e.g. the anion instability under alkaline
conditions [202]. From the thermodynamic point of view the anion exchange depends on
electrostatic interactions between the layers and the exchanging anions, hydrogen
bonding and free energy associated with the hydration change [203]. The exchange is
favoured for anions with high charge density. A comparative list of mono- and divalent

anions selectivity was reported by Miyata et al. [204]:

CO3% >> C19H4N208S?% > SO4% >> OH > F > Cl > Br > NO% >I

The selectivity of divalent oxoanions was determined by Yamaoka et al. [205]:

HPO42' ~ HASO42' > CI’O42' > 8042' > MOO42'

In order to successfully exchange the anions, some aspects have to be considered.
Because of the strongest bond with the layer, carbonate anions are almost impossible to
exchange, thus CO> should be excluded from the system. Nitrates or chlorides should be

chosen as anions if they should be easily exchanged.

From the kinetic viewpoint, the diffusion of the introduced anions within the
layers is the rate-determining step of this reaction. Therefore, if the basal spacing of the
hydrotalcite-like precursor is too small the diffusion of larger anions into the interlayers
will be not possible. However, it is still possible to introduce bigger anions using
intercalation via organic anion-pillared precursor, which is a two-step process: (i) the

anions present in the interlayer spaces are exchanged by organic anion-pillars, which
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results in an increased basal spacing (increase of interlayer spaces), and (ii) the
introduction of the desired anion, which can enter because of the increased basal spacing.
The anion-exchange possibility is dependent on factors such as: (i) exchange ability
which increases with the increase of charge and decrease of ionic radius (ii) pH which
should be larger than 4 in order to prevent the decomposition of LDH layered structure:
low pH favors the introduction of weak basic anions, (iii) temperature which, if high,
favours the anion exchange, and (iv) chemical composition of hydrotalcites.
Dehydration/Rehydration method

The dehydration/rehydration method exploits the memory effect of mixed oxides
derived from hydrotalcites. As mentioned earlier the memory effect of HTs is the ability
to reconstruct the layered structure of the precursor by addition of aqueous solution
containing appropriate anions to the “collapsed” structure, Miyata was the first to describe
this [206]. The first step of this method is the thermal treatment of hydrotalcite-like
materials followed by addition of an aqueous solution of anions that will be intercalated.

However, the calcination followed by structure reconstruction cannot be repeated
endlessly. Each cycle will result in a decreased content of the interlayer carbonates and
enhances the extraction of AI®* present in the brucite-like layers. Some hydrotalcite-like
materials are not suitable for this method, among others those containing Fe*, because

of the formation of spinel-like structure even at low temperatures.
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6. Experimental

6.1. Thermodynamic analysis of CO, methanation reaction

The thermodynamic equilibrium analysis of CO, methanation reaction presented
in this subchapter was performed using HSC Chemistry 5 software, by the method of
Gibbs energy minimization. The main possible reactants, that were considered during the
analysis of CO2 methanation process were: Arg), CO2(), Hag), CHa), C2Ha), C2H4 (g),
C2Hes(g), H20(g), CH30H(g), HCOOH(g), Cs). While CO2g) and Hz) were introduced into
the system as substrates and Ar) as a diluting agent, the others are possible products of
CO, methanation and side reactions.

The main goal of the analysis was to establish the influence of pressure,
temperature and feed gas composition on the equilibrium concentrations of reactants. It
has to be stressed that the presented results were obtained assuming a closed system.
Catalysts, reaction kinetics and transport process were not considered in this study. The
obtained results were used as a benchmark to compare with experimental data. The
possible reactions involved in the methanation of carbon dioxide are summarized in Table
4.2 in Chapter 4.2,

CO, methanation at atmospheric pressure

The typical product fraction of CO> methanation at equilibrium is presented in
Figure 6.1, for a feed gas composition of H,/CO> = 4. The main products at low
temperature (200-300°C) are CH4 and H20. Increasing the temperature to 450°C results
in increased fraction of a by-product, CO, due to the favoured water gas shift reaction.
An increase in unreacted CO2 and H. together with the decreased amount of product CH4
is also observed at the same temperature. At 550°C the CO; fraction reaches its maximum
and decreases with the further increase of temperature because RWGS reaction becomes
dominant. Additionally, the calculations indicate that carbon deposition is negligible
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under such conditions. As proposed in literature, CO, methanation may be a series of
reactions that involve the reverse water gas shift reaction followed by CO methanation in
the presence of steam. The addition of steam into CO methanation can effectively

suppress carbon formation, which would explain the absence of carbon deposition [75].
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Figure 6.1 Product fraction of CO; methanation at equilibrium at atmospheric pressure
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Fig 6.2 presents the effect of temperature on CO2 methanation reaction for the
conditions used in this study. CO conversion in Fig 6.2 A shows that increasing the
temperature up to 550°C results in the decreased CO. conversion, in good agreement with
high exothermicity of the process. Thus, the temperature increase is unfavorable for this
reaction. However, increasing the temperature above 550°C results in increased CO>
conversion, which is caused by RWGS reaction which becomes dominant above 600°C,
as illustrated by the results in Fig. 6.2 B and C. According to Fig. 6.2 D in order to obtain

high CHa yield at atmospheric pressure the reaction temperature should not exceed ca.
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Figure 6.2 Effect of temperature on A — CO; conversion, B- CHj4 selectivity, C — CO selectivity and D — CH4
yield at atmospheric pressure and conditions used in this study

300°C.

Figure 6.3. A, B, C and D presents the effect of both pressure and temperature on
CO2 methanation. The calculations were carried out for a mixture of 20%CO./80%H:
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from 1-15 bars (1bar step) and temperatures ranging from 200-700°C with a 50°C step.
From Fig. 6.3 A it may be seen that CO> conversion increases with increasing pressure
for the same temperatures in the whole temperature range of 200-700°C, with the most
significant changes observed between 400 and 600°C. This is because CO. methanation
beside being exothermic is also a volume-changing reaction. Increasing the pressure is
effective up to a certain point, then being less effective. As shown in Fig 6.3 B and C,
pressure has no influence on selectivity towards CH4 and CO up to ca. 450°C. At
temperatures higher than 450°C there is a significant influence of pressure, with CH4
selectivity increasing and CO selectivity decreasing with increasing pressure. Figure 6.3
D presents the effect of temperature and pressure on CH4 yield. Additionally it should be
mentioned that no carbon generation was found under these conditions, which may be
explained by the fact that water formed during the reaction can suppress carbon deposition

as shown by Kopyscinski et al. [76].
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Figure 6.3 Effect of pressure and temperature on CO; methanation (A) CO, Conversion,
(B) CH4 Selectivity, (C) CO Selectivity and (D) CH, yield.
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Figure 6.4 presents the effect of various H2/CO- ratios on CO, methanation reaction.
It can be observed that both CO2 conversion (Fig 6.4 A) and CHy4 selectivity (Fig 6.4 B)
are strongly dependent on H2/CO3 ratio. Stoichiometric and higher ratios of H2/CO: lead
to high CO conversion and CHs selectivity. Decreasing the ratio from 4 to 2 results in
the decrease in CO> conversion at 200°C from ca. 99% to ca. 77%, respectively. A
remarkable difference in CH4 yield (Fig 6.4 D) can be observed with H./CO, values
changing from 4 and 2 from ca. 100% to ca. 33.9% at 200°C, respectively. On the other
hand, increasing the ratio to 5 effectively increased the CHs yield to 100% up to the
temperature of 350°C. It should be mentioned, additionally, that decreasing the ratio
affects also the carbon deposition at temperatures ranging from 200-500°C as illustrated
by Fig 6.4 E. No carbon deposition is found at ratios equal or higher than 4.

The thermodynamic analysis showed that the optimal conditions for CO:
methanation are low temperature and moderately increased pressure. At low temperatures
both the CO2 conversion and CHj selectivity can reach almost 100%. However, at low
temperatures the reaction rate is low. In order to suppress the kinetic limitations a highly

active catalyst needs to be utilized.

6.1. Preparation of the catalysts

6.1.1. Hydrotalcite co-precipitation

Hydrotalcite-like materials were synthesized at controlled pH (9.5-10) by co-
precipitation method using an aqueous solution of appropriate nitrates (Mg(NO3)2:6H20,
Ni(NO3z)2:6H20, Al(NO3)3-9H20, La(NOs)s-xH.0 and Fe(NOz)3-9H20 (Sigma Aldrich).
The precipitating agent used to control the pH was 1M NaOH. Both solutions were
simultaneously added into a beaker containing a 0.05M Na>COs. The flow of each

solution was adjusted to maintain the pH in the range of 9.5-10. The co-precipitation was
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carried out at 65°C at constant stirring, followed by aging for 1h at 65°C and filtration
with warm distilled water. The synthesized materials were dried at 80°C for 24h and

milled to fine powder.

All the materials synthesized and tested in this work were based on hydrotalcites.
The materials were obtained by co-precipitation, except selected samples which were
additionally modified by adsorption of a promoter (La) species from aqueous solution of
[La(EDTA)] chelates, followed by calcination and final in-situ reduction in a stream of
hydrogen in order to obtain metallic nickel supported catalyst. The preparation procedure

is presented schematically in Fig. 6.5.

6.1.2. Influence of nickel content

Hydrotalcites containing various amounts of nickel were prepared by co-precipitation
method. All the materials had a fixed M2*/M3* ratio equal to 3 with a varying ratio of
Ni/Mg. The assumed amounts of introduced nickel for the fresh samples were 5, 10, 15,
25, 30 and 40 wt.%. The samples designated as Nix were prepared, where x stand for the

wt.% of Ni introduced (theoretically) into the brucite-like layers of hydrotalcites.
6.1.3. Effect of promoter introduction

The effect of Fe or La introduction was also studied. Both promoters were
incorporated into hydrotalcites using co-precipitation technique. Lanthanum as well as
iron were added into hydrotalcites with a fixed amount of Ni (20 wt.%). The theoretical

amounts of Fe or La incorporated were 1, 2 and 4 wt.% for the fresh material.
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6.1.4. Effect of La incorporation method

The effect of three incorporation methods of lanthanum was examined. Lanthanum
was incorporated using co-precipitation method, incipient wetness impregnation method
(2 wt.% of La) and via adsorption method. The latter one was carried out using a solution
of La(EDTA) complexes, prepared by the addition of appropriate amount of lanthanum
nitrate to a solution of EDTA disodium salt. The concentration of La was calculated to
obtain the hydrotalcite (Ni-Mg-Al) with 1, 2 or 4 wt.% of La. The pH of the prepared
solution was adjusted to 10 using a solution of NaOH. Such solution was then mixed with
the hydrotalcite powder for 24h in a closed beaker. The synthesized hydrotalcites were

filtered, washed with distilled water and dried at 80°C for 24h.
6.1.5. Materials calcination

In order to obtain homogenous nano-oxides, the synthesized hydrotalcite-like
materials were treated thermally. The calcination of the as-synthesized materials was
performed from room temperature to 500°C, with a temperature ramp of 10 °C/min, in a
flow of air for 5h at (500°C). The samples were kept at this temperature for 5h and cooled
to room temperature.

6.1.6. Catalyst activation

Prior to CO2 methanation catalytic tests, the materials were reduced in-situ in a stream
of 10%H2/Ar, with a total flow of 100 cm3/min. The materials were heated from room
temperature to 900°C and kept at this temperature for 1h, followed by cooling down to

reaction temperature (250°C).
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Figure 6.5 Scheme of material preparation/modification

The discussion of physico-chemical characterization and catalytic tests results is
divided into five chapters:
0] Influence of nickel content (Chapter 7),
(i) The effect of promoter introduction (La or Fe) (Chapter 8.2 and 8.1,
respectively),
(i) The influence of lanthanum incorporation method (Chapter 8.3),

(iv)  Optimization of the catalysts (Chapter 9)
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(V) Operando X-ray absorption and emission spectroscopy investigation of Ni

and Ni-La hydrotalcite-derived mixed oxides (Chapter 10)

All types of modification that the materials were submitted to are described in the
respective chapters, while the designations and preparation details of the prepared

materials are given in Table 6.1.

Table 6.1 Preparation details and nomenclature of the prepared catalysts

M?2*/M3* Method of Promoter
Cations in brucite-
Material molar promoter content
like layers
ratio incorporation (wt.%)*

Influence of nickel content (Chapter 7)

Ni5 Niz*, Mg?*, Al* 3 - -
Ni10 Ni2*, Mg?*, Al3* 3 - -
Ni15 Ni2*, Mg?*, Al3* 3 - -
Ni25 Ni2*, Mg?*, Al3* 3 - -
Ni30 Ni2*, Mg?*, Al3* 3 - -
Ni40 Ni2*, Mg?*, Al3* 3 - -

Effect of promoter incorporation (La or Fe) (Chapter 8.1 and 8.2)

Nil5Lal Ni2*, Mg?*, Al 3 Co-precipitation 1
Nil5La2 Ni%*, Mg?*, Al 3 Co-precipitation 2
Nil5La4 Ni%*, Mg?*, Al 3 Co-precipitation 4
Ni%*, Mg?*, Fe®,
Nil5Fel 3 Co-precipitation 1
AlF*
Ni%*, Mg?*, Fe®,
Nil5Fe2 3 Co-precipitation 2
AlF*
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Ni2*, Mg?*, Fe¥*,

Nil5Fe4 3 Co-precipitation 4
A|3+
Influence of lanthanum incorporation method (Chapter 8.3)
Ni15Lal(ag) Ni2*, Mg?*, AR 3 Adsorption of 1
Nil5La2@g  Ni2*, Mg?, Al 3 La(EDTA) 2
Ni15Lad ) Ni2*, Mg?*, AR 3 solution 4
Nil5La2 Ni%*, Mg?*, Al 3 Impregnation 2
Optimization of the catalysts (Chapter 9)

Ni40 Ni2*, Mg?*, Al 3 Co-precipitation -
Ni40La2 Ni%*, Mg?*, Al 3 Co-precipitation 1.8

* - assumed content of the promoter for the fresh materials

6.2. Characterization of the catalysts

X-ray diffraction (XRD)

The as-synthesized hydrotalcites as well as the catalysts obtained upon their
calcination, reduction and after reaction were characterized by XRD experiments. X-ray
diffraction patterns were recorded on Empyrean (PANalytical) diffractometer equipped

with a CuKa (k=1.540592\) radiation source, within 26 range from 8 to 90°.

For chosen hydrotalcites XRD diffractograms were recorded as a function of
temperature. The sample was placed in a resistance oven and heated from room

temperature to 900°C. The diffractograms were registered at 25°C and from 100 to

1000°C every 100°C.
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The obtained XRD patterns gave information about the structure of the prepared
samples. The diffractograms obtained in a function of temperature were used to examine

the structural changes.

The average crystallite sizes of Ni° and periclase-like mixed oxides were calculated
basing on Scherrer equation:

KA

Dt = ———
hkl Bhklcose

Where: A — is the radiation wavelength, Bn - is the half-width of the reflection and 0 - is

the Bragg diffraction angle

Low temperature nitrogen sorption

The textural properties: surface area and total pore volume were determined from N>
adsorption isotherms obtained during low temperature nitrogen sorption experiments
performed on BELsorp-Minill apparatus (BEL Japan). Prior to N2 adsorption the mixed

oxides were outgassed at 110°C for 3h under vacuum.

The specific surface area of the obtained materials was calculated using Brunauer-
Emmet-Teller (BET) method. The pore size distribution, volume of pores and mean pore

diameter were examined by Barrett-Joyner-Halenda (BJH) analysis.

Elemental analysis

The composition of the obtained catalysts was determined by X-ray Fluorescence
(XRF) or Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). The
obtained results allowed to examine the chemical composition of the synthesized

materials and to compare the nominal values of M'"*/M""* molar ratios.
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Temperature Programmed Reduction (H>-TPR)

The reducibility of the prepared catalysts was evaluated by H>-TPR carried out on
BELCAT-M (BEL Japan). Prior to the measurement the calcined samples were outgassed
at 100°C for 1h. The outgassed samples were subsequently reduced in a flow of 5%H2/Ar

from 100°C to 900°C with a heating ramp of 7.5 °C/min.

The results of the measurements allowed to examine the reducibility of the
synthesized samples and to choose the appropriate reduction temperature of the catalyst
prior to catalytic tests. Additional information i.e. the strength of metal-support
interaction and the type of metal species present in the materials could be obtained from

these experiments.

Temperature Programmed Desorption of CO, (CO2-TPD)

The basicity of the studied materials was determined by CO>-TPD on the same
apparatus (BELCAT-M from BEL Japan) as Ho-TPR. The measurements were performed
for the reduced samples. The material was cooled down after H>-TPR to 80°C and a
mixture of 10% (vol/vol) CO2/He was introduced for 1h in order to adsorb carbon dioxide,
followed by the desorption of weakly physically adsorbed CO- in a flow of He for 15
min. The evolution of desorbed CO, was measured with the aid of thermal conductivity
detector (TCD) from 80°C to 800°C under He flow with a heating rate of 10°C/min. In
order to calculate the number of basic sites of each strength (weak, medium-strength and

strong) and total basicity, the TPD profiles were deconvoluted into three Gaussian peaks.

Transmission Electron Microscopy
The reduced and spent catalysts discussed in detail in Chapter 9 (Ni40 and Ni40La2)

were additionally examined by Transmission Electron Microscopy (TEM). Based on the

analysis of the obtained images, the distribution of nickel particle size was discussed. The
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calculation of metallic nickel particle size and the distribution was analyzed using ImageJ
software. The dispersion of Ni was determined by the methodology proposed in

‘Handbook of heterogenous catalysis’ Chapter 3.1.2 by G.Bergeret and P.Gallezot [207].

X-Ray absorption and X-Ray Emission Spectroscopy

Prior to the XAS and XES measurements the calcined hydrotalcites were reduced
at 750°C in stream of 5% Ho/Ar. The sample nomenclature used, depending on the applied

treatment is listed in Table 6.2.

Table 6.2 Samples nomenclature for the materials discussed in Chapter 10 according to the
applied treatment

operando conditions at
After 3000C
. reduce
Sample label fresh calcinat d

ion Ho  CO,

CO, +
H>

Ni40
Ni40La2
Ni40 calc

Ni40La2 calc
Ni40 red
Ni40La2 red
Ni40 H;
Ni40La2 H»
Ni40 CO>
Ni40La2 CO>

Ni40 CO2+H>
Ni40La2CO,+H

2

A N NN U U N U N N R N
L X X X L X X X X X

L X X X X X X X
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The XAS and XES experiments were carried out at ID26 beamline of the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France. The energy of the first
inflection point of the Ni K edge was set basing on the calibration results of Ni foil (at the
energy of 8333 eV). The HERFD-XANES spectra were registered by scanning of the
incident energy and the detection of the fluorescence at the maximum of Kf1,3 emission
line. XES spectra were registered at 8.5 keV excitation energy (for both ctc- and vtc-
XES). The reference spectra of nickel oxide and hydroxide were recorded on pellets
containing 5 wt.% of the sample diluted with cellulose. Ni foil (4 um) was used to collect
the spectra of metallic nickel as reference.

The catalysts Ni40 and Ni40La2 (calcined) were pressed into thin wafers (0.5 mm)
and placed inside Maxthal® (Figure 6.6) reactor cell. The Maxthal heating cell was
developed at the Sample Environment unit of ESRF and is dedicated to in-situ
measurements [208, 209]. The reactants ratio was CO2/H2/He = 3/12/5, the total flow was
35 ml/min, the reaction products were analyzed using a micro-GC equipped with a TCD
detector. The materials were reduced in-situ using a flow of 12.5%H in He at 750°C. The
analysis of the obtained HERFD-XANES data was performed using Athena software of

IFEFFIT package.
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Figure 6.6 Maxthal reactor setup installed at ID26 beamline [208, 209]

6.3. Methanation of carbon dioxide catalytic tests

The activity of the studied catalysts towards methanation of carbon dioxide was
evaluated in a fixed-bed reactor catalytic setup presented in Fig. 6.7. The catalyst was
placed in a fixed-bed quartz U-type reactor. The ratio CO2/H2/Ar was equal to 3/12/5 and
the total flow of the mixture was 100 cm3/min adjusted by several mass flow controllers
(BROOKS). The mass of the catalysts was chosen basing on the bulk density
measurement to work at constant value of gas hourly space velocity (GHSV) equal to
12000 ht. The temperature of the catalysts bed and the oven was controlled with the aid
of K-type thermocouples and temperature programmer. In order to remove water (product
of the reaction) the gaseous products were passed through a water trap and analyzed by a

micro gas chromatograph (CPi 490 Varian) equipped with a COX column and a TCD.
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Figure 6.7 Scheme of the catalytic setup

The conversion of CO2 and CHjy selectivity were calculated as:

: €05 in—CO . CcH
CO2 conversion = —22 2% 5% 100% CHy selectivity = ——22__ x
2,in CHy out+CO0put

100%

The catalytic CO, methanation tests were carried out as shown in Fig. 6.8. Prior to
that the materials were reduced in-situ in a flow of 10%H./Ar. Then the catalyst bed was
washed with Ar, while cooling down to 250°C. The feed gas was then introduced into the
reactor. The catalytic tests were carried out from 250 °C to 450 °C, every 50°C for 30

minutes of steady state at each temperature.
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Figure 6.8 Temperature program of CO, methanation catalytic tests

TOF values were calculated assuming that the exposed nickel atoms participate in the
methanation reaction.

_ nCHg(mol)
TOF = nNi (mol)*t(s)
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Results and Discussion

7. Effect of nickel content

No literature reports concerning the influence of nickel content on the catalytic
activity of hydrotalcite-like materials in the reaction of CO, methanation were found in
literature. Therefore, in this PhD thesis, hydrotalcite-like materials containing different
amounts of nickel were synthesized by co-precipitation method at constant pH (9.5-10)
at 65°C. The materials were characterized by XRD (fresh, calcined, reduced and spent),
XRD as a function of temperature (fresh), low temperature nitrogen sorption (calcined),
H>-TPR (calcined), CO.-TPD (reduced). Selected catalysts were additionally

characterized by HERFD-XANES (calcined, reduced) and vtc-XES (calcined, reduced).

Physico-chemical characterization of fresh materials and hydrotalcite-

derived mixed oxides

The diffractograms acquired for as-synthesized materials are shown in Figure 7.1.
The XRD patterns of all synthesized materials exhibited reflections at 26 = 11, 24 and
35°, originating from X-ray diffraction on (003), (006) and (009) planes, respectively,
indicating the existence of layered hydrotalcite-like structure (3R rhombohedral layered
structure, ICOD 00-014-0191). No additional reflections arising from other phases were
observed, which suggests a successful incorporation of Ni into the brucite-like layers. As
all samples exhibited rhombohedral symmetry, the parameter ¢ of unit cell could be
calculated from the position of the first three reflections (eq. 7.1.) or from the position of

the first reflection (eq. 7.2.)
¢ = d(oo3) + 2d(00s) + 3d(009) (eq7.1.)

C = 3d(003) (eq7.2)
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where: d(wiy — basal spacing calculated from the position of the reflections. The values of
unit cell parameter ¢ were in the range of 23.31-23.46A as listed in Table 7.1. The
parameter ¢’, which is related to the basal spacing between two neighbouring layers, could

be calculated because the 3R symmetry of unit cell of hydrotalcite is built of three layers.

Table 7.1 Unit cell parameters values calculated basing on XRD diffractograms

Unit cell Unit cell Anions present
c¢’=c/3
Material parameter ¢ parameter a between brucite-like
(A)
A) A) layers
Ni5 23.40 7.80 3.06 CO3? and NO3
Nil0 23.46 7.82 3.06 CO3? and NO3
Nil5 23.43 7.81 3.06 CO3? and NO3
Ni25 23.37 7.79 3.06 CO3? and NO3
Ni30 23.31 7.77 3.06 CO3? and NO3
Ni40 23.31 7.77 3.06 CO3? and NO3

As the values of parameter ¢’ are strongly dependent on the types of anions in the
interlayer spaces, the obtained results indicate the presence of carbonate anions and/or
nitrates between hydrotalcite layers. The intensity of reflections arising from the
hydrotalcite-like structure was decreasing with the increasing nickel content, which

suggests a decrease of crystallinity.
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Figure 7.1 XRD diffractograms for as-synthesized hydrotalcite-like materials

The parameter a of the unit cell was calculated from the position of the doublet
registered at 20 close to 60°. This parameter describes the average cation-cation distance
in the brucite-like layers of hydrotalcite. For all samples the value of parameter a was

equal to ca. 3.06A, suggesting no structural changes irrespective of the amount of

introduced nickel.

The choice of calcination temperature was based on XRD experiments carried out
as a function of temperature between 25°C and 900°C. The obtained diffractograms for
Nil5 are shown as an example in Figure 7.2. Four structure types can be distinguished:
from room temperature to ca. 200°C, at 200°C, from ca. 300°C to ca. 700°C and over
800°C. The XRD patterns reveal that the layered structure of hydrotalcite-like materials
turned to almost amorphous one at around 200°C, followed by the formation of mixed

oxides at temperature between 300 and 600°C, and then by spinel structure formation
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over 800°C. Similar XRD diffractograms were obtained for other studied catalysts, in
good agreement with [3] which reported that the thermal treatment of hydrotalcite-like
materials results in the decomposition of the layered structure and the formation of
amorphous oxides. The temperatures of calcination proposed in literature for such
materials are in the range of 550-600°C. However, as no drastic changes between the
structure of the catalysts at 500 and 600°C were observed, the former calcination

temperature was chosen.
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Figure 7.2 XRD as a function of temperature for a selected material (Nil15)

The XRD diffractograms acquired for the materials calcined in air for Sh at 500°C
are shown in Figure 7.3. The patterns exhibit reflections typical for periclase-like
structure (ICOD 00-045-0946) of Mg(Ni,A)O mixed oxides obtained after thermal
decomposition of hydrotalcite-like materials. The shift of the reflections at 26 = 35° to

higher angles with increasing nickel content occurred because of the formation of NiO
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structure with decreasing content of MgO. No other phases were observed for the calcined
samples, suggesting that the chosen temperature was insufficient to cause the formation

of NiAI2O4 spinel phase.
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Figure 7.3 XRD diffractograms of HT-derived mixed oxides

The results of elemental analysis of the calcined samples obtained by XRF are
presented in Table 7.2. The content of nickel varied from ca. 10.3 wt.% for sample Ni5

to 52.1 wt.% for sample Ni40.

115




New nano-oxide catalysts for CO, hydrogenation reaction

Table 7.2 Theoretical content and elemental analysis results of the HT-derived mixed oxides
catalysts

Molar content for fresh Elemental analysis
Theoretical amount

Catalyst samples (calcined)

Ni/ Mg/ Al Ni wt.% (fresh) Ni wt.%
Ni5 0.067 /0.683/0.25 5 10.3
Nil0 0.137/0.613/0.25 10 16.2
Nil5 0.212/0.538/0.25 15 20.1
Ni25 0.377/0.373/0.25 25 36.8
Ni30 0.478/0.272/0.25 30 42.5
Ni40 0.68/0.07/0.25 40 52.1

Local environment of Ni in hydrotalcite-derived mixed oxides

The High-Energy Resolution Fluorescence Detected (HERFD) X-ray Adsorption
Near Edge Spectroscopy (XANES) experiments were carried out to investigate the
environment of nickel in selected calcined hydrotalcite-like samples. Figure 7.4 presents
the obtained results of HERFD-XANES spectra of Ni5, Ni25 and Ni30, in comparison to
Ni foil, NiO and Ni(OH)., which were used as reference. The spectra registered for the
studied materials are almost the same, with features very similar as observed for the
reference samples (nickel oxide and hydroxide) indicating that nickel is present in an

octahedral coordination.
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Figure 7.4 HERFD-XANES spectra of Ni5, Nil5 and Ni25, and Ni foil, NiO and Ni(OH); as
reference materials at room temperature at the Ni K edge

Figure 7.5 presents the valence-to-core (vtc) X-ray emission spectra. The differences
between the catalysts in the Kf25 spectral shapes are negligible. The spectral features of
the studied catalysts are similar to nickel oxide, which proves that Ni environment in the
studied catalysts is almost identical to that of the reference. Basing on the obtained results
it may be concluded that nickel in the studied catalysts, even with different nickel loading,
is present in a similar coordination, and that changes in the Ni/Mg ratio did not influence

the chemical finenvironment of NiO in the studied materials.
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Figure 7.5 vtc-XES spectra recorded at room temperature of calcined Ni5, Nil5 and Ni25, and
Ni foil, NiO and Ni(OH); as reference materials

Reducibility and characterization of the reduced materials

The H>-TPR profiles acquired for mixed oxides obtained after calcination of
hydrotalcite-like materials are presented in Figure 7.6. All profiles of the studied materials
exhibited a wide asymmetric reduction peak arising from the reduction of NiO. The most
intense reduction peak for nickel containing mixed oxides derived from hydrotalcites was
observed at temperatures of ca. 680-890°C and originated from the reduction of Ni%*
present in NiO-MgO solid solution. The maximum temperature of reduction was shifted
to lower temperatures with the increasing content of nickel, suggesting decreasing

interaction between NiO and other ex-hydrotalcite oxides.
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As reported in literature the incorporation of higher amounts of nickel leads to the
formation of NiO-MgO solid solution resulting in the decreased interaction between the
active material and the support. As reported by Daza et al. [210] the reduction of Ni?* in
Ni-O-Mg species is not possible in contrast to Ni-O-Ni. Thus, as the increasing
concentration of Ni leads to a higher probability of the formation of a higher number of
Ni-O-Ni species, the reduction of NiO should then occur at lower temperatures. In order
to reduce nickel oxide present in the framework of Mg(Ni,Al)O to metallic nickel it has
to be extracted to the support’s surface. Apart from the high-temperature TPR peak, an
additional one was observed at lower temperatures of ca. 400°C for the samples
containing low amounts of nickel (Ni5 and Nil10). It can be attributed to surface nickel
oxide reduction, as according to literature the pure nickel oxide phase is reduced at the
temperature range of 220-420°C. Li et al. [153] reported the reduction peak of bulk NiO
at 220°C, while Mile et al. [211] found using TPR that bulk NiO reduction was
represented by two peaks at ca. 250 and 400°C, corresponding to the reduction of Ni®*
and to the reduction of Ni?* species, respectively. Thus, the observed reduction peaks at
ca. 380 and 458°C may arise from the reduction of bulk nickel oxide weakly interacting

with the surface of the catalyst.
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Figure 7.6 H>-TPR results for the mixed oxides obtained after thermal treatment of
hydrotalcite-like materials

XRD patterns of the reduced mixed oxide catalysts are presented in Figure 7.7.
All catalysts showed reflections at 26 of ca. 43, 51 and 76°, characteristic for the cubic
structure of metallic nickel (ICOD 01-087-0712). The particle sizes ranged from 6-10 nm,
in good agreement with values reported for similar materials. The lowest values were

registered for the catalysts with higher Ni content.
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Figure 7.7 XRD patterns for reduced samples

It should be mentioned here that, according to Fan et al. [132], smaller particles
of nickel enhance the hydrogenation of CO2 to CH4, so it may be expected that HT-
derived catalysts with higher amount of Ni, which exhibit smaller crystallite sizes of Ni°,
will show better catalytic performance. Ni° crystallite sizes of both reduced and spent
catalysts are summarized in Table 7.3. No metallic crystallite size changes were found

for the catalysts after reaction when compared to the reduced ones.
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Table 7.3 Ni crystallite size for the reduced and spent catalysts — based on XRD measurements

Ni particle size [nm]

Catalyst
Reduced Spent
Ni5 10 11
Ni10 8 8
Nil5 7 6
Ni25 7 8
Ni30 6 6
Ni40 5 5

As the catalysts used in CO2 methanation are reduced prior to reaction, the textural
properties of the reduced mixed oxides are summarized in Table 7.4. Low temperature
nitrogen sorption experiments performed for the reduced catalysts, which are presented
in Fig. 7.8, showed that all samples exhibited type 1V isotherms (IUPAC), characteristic
for mesoporous materials. The reduced materials exhibited either H2 or H3 hysteresis
loop, depending on the content of nickel. H3 hysteresis loop, which indicates the presence
of slit shaped pores of nonuniform size and shape, was observed for samples Ni5, Nil10
and Nil15. On the other hand, samples Ni25, Ni30 and Ni40 exhibited H2 hysteresis loop,
indicating the presence of cylindrical channel pores of nonuniform size and shape. Thus
it may be concluded that the increasing content of nickel (with simultaneous decreasing
content of Mg) influenced the textural properties of mixed oxides derived from

hydrotalcites, where the character and distribution of pore size is concerned.
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Figure 7.8 N2 sorption isotherms of reduced samples

The specific surface areas were relatively high, ranging from 71 to 167 m?/g. The
values are in good agreement with literature reports for nickel containing hydrotalcite-
derived mixed oxides. From Table 7.4 it may be observed that the introduction of Ni up
to 15 wt.% led to the increase in specific surface area from 126 m?/g for Ni5 to 145 and
167 m?/g for Ni10 and Ni15, respectively. The increase of Sger and Vit observed for
these samples can be explained by structural rearrangement, as confirmed by the shapes
of hysteresis loops (Figure 7.8). On the contrary, the incorporation of higher amounts of
nickel (samples Ni25, Ni30 and Ni40) led to a decrease in specific surface area from 167
m?/g for Ni15 to 101, 109 and 71 m?/g for Ni25, Ni30 and Ni40, respectively. The same

observations were made for the total pore volume, with values of 0.52, 0.62 and 0.73
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cmd/g for Ni5, Ni10 and Ni15, respectively, as compared to 0.24, 0.3 and 0.27 cm?/g for

Ni25, Ni30 and Ni40.

Table 7.4 Specific surface area, total pore volume and the mean pore diameter of the reduced
HT-derived catalysts

Total pore  Average pore

Catalyst SgeT [M?/g]? volume diameter
[em®/g] (nm)
Ni5 126 0.52 17
Nil0 145 0.62 17
Nil5 167 0.73 18
Ni25 101 0.24 9
Ni30 109 0.30 11
Ni40 71 0.27 9

The accuracy of Sger determination is usually assumed to be ca. + 5 %

The average pore diameter was ca. 17 nm for Ni5, Ni10 and Nil5 and much

smaller (9-11 nm) for Ni25, Ni30 and Ni40.

The obtained CO.-TPD profiles of the hydrotalcite-derived mixed oxides after
reduction by 10% Ha/Ar at 900°C are presented in Figure 7.9. The basicity calculated
from the obtained profiles is presented in Table 7.5. The literature indicates that it is
strongly dependent on the layer’s composition, the presence of promoters and type of
anions between interlayer species. The obtained CO,-TPD profiles after reduction of
hydrotalcite-derived materials studied in this PhD exhibit one wide asymmetric
desorption peak at the temperature range of 125-442°C with three shoulders at 125-171°C,
207-321°C and 321-442°C, similarly as reported in literature [175]. According to Di

Cosimo et al. [175] the first, second and third desorption peak may be attributed to the
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desorption of COg, respectively from weak Brensted OH™ groups, from bidentate

carbonates formed on metal-oxygen pairs and to carbon dioxide bonded with low

coordination oxygen anions.
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Figure 7.9 CO,-TPD profiles for the reduced HT-derived catalysts

The total basicity increased with the increasing content of nickel from 52
umol/g for Ni5 to 60, 81, 113, 134 and 130 umol/g for the samples Nil0, Nil5, Ni25,

Ni30 and Ni40, respectively. Similar results were reported in literature [212]. The number
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of moderate basic sites increased with increasing molar ratio of Ni/Mg almost linearly,
with the exception of Ni40, indicating a strong influence of the content of nickel on this
parameter. The number of weak sites increased only slightly. In case of strong basic sites
the changes were almost negligible, except for Ni40 where the number of strong basic

sites was almost doubled in comparison to Ni30.

Table 7.5 Basicity of the reduced samples calculated from CO,-TPD

Total The number of basic sites

Sample basicity Weak Medium Strong

[nmol/g]*  [pmol/g]*  [pmol/g]*  [pmol/g]?

Ni5 52 13 27 12
Nil10 60 15 33 12
Nil5 81 12 46 23
Ni25 113 25 71 17
Ni30 134 34 80 20
Ni40 130 32 59 39

@The residual error of the measurement is in the range of 10 umol/g

Catalytic performance

The conversion of carbon dioxide in the methanation reaction is plotted versus

temperature in Fig. 7.10 for all nickel-containing hydrotalcite-derived catalysts.
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Figure 7.10 CO; conversion versus temperature for the obtained catalysts (reduced at 900°C in
10%H./Ar, total flow of 100 cm3/min, GHSV=12 000 h?)

The red continuous line represents the thermodynamic limitation of CO conversion
for the reaction carried out under the used conditions. The thermodynamic calculations
predict almost complete CO> conversion at low temperatures (ca. 250°C) and due to the
competing reaction routes - reforming reaction or reverse water gas shift - the decrease in
CO2 conversion at higher temperatures, the latter being the reason of CO formation. All
nickel-containing HT-derived catalysts were active in of CO, methanation. At 250 and
300°C the conversion for all catalysts was below the thermodynamic limit. The CO;
conversion values at 250°C were: 5, 11, 21, 43, 73 and 87% for catalysts Ni5, Nil10, Nil5,
Ni25, Ni30 and Ni40, respectively, while for 300°C the appropriate numbers were: 36,
51, 66, 74, 79 and 84%, respectively. This proves a strong influence of Ni content on CO>

conversion. The activity data for all temperatures are summarized in Table 7.6.
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Table 7.6 CO, Conversion vs temperature for the tested HT-derived catalysts

CO; Conversion [%0]

Catalyst
250°C 300°C 350°C 400°C 450°C
Ni5 5 36 63 66 66
Ni10 11 51 64 66 66
Nil5 21 66 74 72 66
Ni25 43 74 80 74 66
Ni30 73 79 83 74 66
Ni40 87 84 86 76 67

The enhanced activity of catalysts containing higher amount of Ni seems to be a
complicated function of crystallite size, the number of moderate basic sites and specific
surface area. The number of moderate basic sites seems to be a dominating factor as
indicated by Fig. 7.11. Figure 7.12 presents almost linear linear correlation between the
specific basicity expressed in pmol/m? and CO2 conversion. As reported by Zhang, higher
dispersion of Ni enhanced the activity towards methane as a product, thus the importance
of small metallic nickel crystallites should not be neglected. This may have been one of
the reasons for the deviations from straight line in Fig. 7.11, especially for Ni40,
characterized by the smallest size of Ni° crystallites. Another reason could have been

differences in specific surface area Sger, as suggested by Fig. 7.12.

To estimate the stability of the catalysts, additional 24h-tests were performed at
250°C. All studied catalysts showed satisfactory stability, with no remarkable change in

CO; conversion with time-on-stream.

XRD characterization of the catalysts after the catalytic experiments confirmed

no variations in of Ni crystal size (cp. Table 7.4). Additionally, no reflections
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corresponding to graphitic carbon were observed in the XRD diffractograms at 26 of ca.

26°.
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Figure 7.11 CO; conversion at 250°C vs number of basic sites pmol/g
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Figure 7.12 CO; conversion at 250°C vs number of medium-strength basic sites pmol/m?
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The selectivity towards CH4 and CO is presented as a function of temperature in
Fig. 7.13. At temperatures ranging from 250 to 350°C almost complete selectivity
towards methane was recorded, with the exception of Ni5 catalyst. The latter catalyst
showed CHas selectivity of 97%-98.3% at 250-350°C. At 400-450°C the selectivity
towards methane decreased for all catalysts and low amounts of side reaction product
(CO) up to 2.5% were recorded, in good agreement with thermodynamics, which

forecasts CO formation via the RWGS reaction.
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Figure 7.13 CHj Selectivity versus temperature for obtained mixed oxides
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Effect of Gas Hourly Space Velocity (GHSV)

Figure 7.14 shows the effect of gas hourly space velocity (GHSV) on the methanation
performance of a chosen catalyst (Ni40) at temperatures from 250 to 450°C. It may be
observed that the CO> conversion decreased with increasing GHSV in the whole studied
temperature range, as expected because of the reaction operation below thermodynamic
equilibrium where a higher GHSV results in lower carbon dioxide conversions. A
somewhat higher selectivity towards CO was observed for the catalyst operating at
increased GHSV, which can be explained by the reduced contact time of the reactants

with the catalyst resulting in decreased chance of CO hydrogenation.
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Figure 7.14 Effect of GHSV on the catalytic performance of Ni40 catalyst
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Conclusions

Hydrotalcite-like materials containing different amounts of nickel (for the calcined
samples from 10.3 to 52.1wt.%Ni) were synthesized by co-precipitation method. The
characterization of the fresh samples showed that Ni was introduced into hydrotalcite
structure. For the calcined material NiO was present in octahedral environment as
confirmed by HERFD-XANES and was not influenced by variations of the ratio of

Ni/Mg.

A weakened interaction between Ni and the supports matrix for the materials
containing higher amounts of Ni was proven by H>-TPR. XRD indicated the formation
of highly dispersed Ni with Ni° particle size ranging between 5-9 nm. The higher amounts

of introduced nickel:

e led to smaller Ni° crystallites,
o affected the reducibility of the catalysts — reducibility increased with
increasing Ni content, and

e influenced the materials CO> adsorption capacity.

The distribution of weak basic sites changed only slightly while the number of
medium-strength basic sites was strongly affected. The latter had the dominating

influence on catalytic performance in methanation of CO..

The activity at 250°C increased with increasing nickel content and, almost linearly,
with the increase in the number of moderate basic sites. At 250°C CO. conversion
increased from 4% for Ni5 to 10, 21, 43, 72 and 88.3% for Ni10, Nil5, Ni25, Ni30 and
Ni40, respectively. At the same temperature, high selectivity towards CH4 formation of

ca. 99% were registered for all studied catalysts, except Nib5.
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The catalytic performance of the studied catalysts in CO, methanation at low
temperatures (250-300°C) was strongly dependent on the Ni/Mg molar ratio, which

varied, 300°C) and resulted in a highly efficient CO. methanation catalyst.
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8. The influence of promoters on catalytic performance of Ni-

hydrotalcites

As reported in the previous Chapter, Ni/Mg/Al hydrotalcite-derived materials showed
very good catalytic performance in CO2 methanation. In this section the work was focused
on the investigation of the effect of either iron or lanthanum promotion on the

physicochemical properties and catalytic activity in carbon dioxide methanation.

8.1. Influence of Fe incorporation

Recently Ni-Fe catalytic systems found renewed interest because of the possibility of
exploiting CO> for obtaining methane, as well as in Fischer-Tropsch synthesis. Such
catalytic systems showed very high activity in the reaction of carbon dioxide methanation
and have a great advantage over rhodium- or palladium-based catalytic systems, because
of much lower price of active material.

Hydrotalcite-like materials containing Ni/Mg/Fe/Al were synthesized by co-
precipitation at constant pH. All synthesized materials had a fixed M2*/M3* molar ratio
with a varying Fe**/AI** ratio. The theoretical amount of iron introduced into brucite-like
layers was 1, 2 and 4 wt.%. This chapter presents their physico-chemical characterization

and the catalytic performance in the reaction of carbon dioxide methanation.
Physicochemical properties of Fe-promoted Ni-containing HT-

precursors and the derived catalysts

The results of elemental analysis performed by ICP-OES technique and textural

properties are presented in Table 8.1 for the calcined samples.
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Table 8.1 Elemental analysis and texture of calcined Ni-Fe-hydrotalcites

Total pore Elemental Analysis [wt.%0]
SeeT
Sample volume
[m?/g]* Ni Fe Mg
[cm3/g]

Nil5 162 0.54 20.1 - 21.7
Nil5Fel 169 0.34 20.0 1.5 21.4
Nil5Fe2 113 0.26 20.0 2.8 21.3
Nil5Fed 106 0.22 20.0 5.6 21.0

The accuracy of Sger determination is usually assumed to be ca. =5 %

Specific surface area Sger ranged from 106 to 169 m?/g. From Table 8.1, it may be
seen that the incorporation of 1.5 wt.% of iron did not change Sger, while higher amounts
of Fe resulted in its decrease by ca. 30-34%. The total pore volume decreased from 0.54

for Ni15 to 0.34, 0.26 and 0.22 cm®/g, for Nil5Fel, Nil5Fe2 and Nil5Fe4, respectively.

Figures 8.1 and 8.2 present the XRD patterns for the fresh and calcined catalysts,
respectively. The patterns for the fresh hydrotalcite catalysts show typical reflections and
as mentioned in the previous chapter, indicate the existence of a multilayer hydrotalcite-
like structure. The unit cell parameters values calculated basing on XRD diffractograms
according to the method proposed by Rives et al. [213] were in the range of 23.02 —
23.48A for c, while the values of a were 3.04A for all samples indicating the absence of
any influence of introduced Fe on the parent hydrotalcite structure. Since no other nickel
or iron species were observed as separate phases, the results point to a successful

incorporation of these metals into the structure of hydrotalcite.
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Figure 8.1 XRD patterns of as-synthesized Ni and Ni-Fe hydrotalcite-like materials

The XRD diffractograms of the catalysts after calcination at 500°C for 5h
presented in Fig. 8.2 show reflections typical for periclase-like structure at 26 = 43.5° and
63.0°, as expected for the samples derived from hydrotalcite materials after thermal
treatment at this temperature. However, as reported in literature, iron containing HTs
materials may form spinel-like structure even at temperatures lower than used in this work
[214, 215]. It should be stressed that no such phases or any other Ni- or Fe-containing
phases were registered for the studied samples, which again confirms the incorporation
of Ni and Fe into the periclase-like structure. Additionally, it is worth noting that the
increasing content of Fe affected the amount of NiO phase formed, as indicated by the

shift of the reflection at 20 from ca. 35° to higher values.
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Figure 8.2 XRD patterns of mixed oxides obtained after thermal treatment of Ni and Ni-Fe
hydrotalcite-like materials

Reducibility and basic properties of Fe-promoted Ni-containing

hydrotalcite-derived mixed oxides

In order to examine the metal-support interactions and the reducibility of the
catalysts TPR measurements were carried out. Figure 8.3 shows H2-TPR profiles for the
calcined catalysts. All profiles, except that for Nil15 catalyst, exhibit two wide asymmetric
peaks with a maximum at temperatures between 346 and 380°C, and from 709 to 850°C.
The first hydrogen consumption peak may be assigned to the reduction of iron oxide
weakly interacting with Mg(AI)O [215]. As Fe?* cannot be completely reduced to metallic
iron below 800°C it can be attributed to the reduction of Fe3* to Fe?*. The second peak

was registered at much higher temperature and may be assigned to nickel oxide which
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strongly interacts with its surroundings, as a result of the existence of a thermally stable
solid phase solution of mixed oxides Mg(Ni,Al)O [212]. As reported in literature, the
reduction of Fe?* to Fe® takes place at higher temperatures (500-900°C), but it is
impossible to distinguish between the peaks originating from the reduction of Fe?* and
Ni2* [215]. The obtained results point to homogenous dispersion of cations, which
resulted in a strong interaction between the active phase and supports matrix. It can be
also observed that the incorporation of Fe increased the reducibility of NiO species, as
indicated by the high temperature H> consumption peak shifting from 850 for Nil5 to
798, 752 and 709°C for Nil5Fel, Nil5Fe2 and Nil5Fe4, respectively. The XRD patterns
acquired for the catalysts reduced at 900°C confirmed the existence of metallic nickel and
periclase structure, and suggest that either iron oxide species were not, or not fully,
reduced to metallic iron, or Fe entities formed were of the size under detection level of

XRD.
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Figure 8.3 TPR profiles obtained for calcined Ni and Ni-Fe materials

The XRD diffractograms of the reduced Ni-Fe HT-derived mixed oxide catalysts
compared to Ni-hydrotalcite in Fig 8.4 reveal the existence of periclase-like structure
(MgO) and metallic nickel phase (Ni°), the latter with particle sizes ranging from 6-10
nm in good agreement with values reported in literature [214]. The crystallite sizes
increased somewhat with the increasing amount of incorporated iron, from 7 nm for Nil5
to 7, 8 and 9 nm for Ni20Fel, Ni20Fe2 and Ni20Fe4, respectively (cp. appropriate data

further in the text - Table 8.3). The reflections corresponding to metallic nickel shifted to
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smaller 26 values with increasing Fe content, indicating the formation of Ni-Fe alloy, as

registered previously in literature [216, 217].

Intensity (a.u.)

Figure 8.4 XRD patterns of reduced Ni and Ni-Fe mixed oxides reduced at 900°C
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Figure 8.5 compares the CO>-TPD profiles obtained for the Ni-Fe HT-derived

materials after reduction by 10% Hj/Ar at 900°C with that for Ni hydrotalcite similarly

treated. The basicity data are summarized in Table 8.2.
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Figure 8.5 CO,-TPD profiles of Ni and Ni-Fe-HT reduced samples

The total basicity increased slightly after the addition of 1.5 wt.% of iron from 81
for Ni15 to 101 pmol/g for Nil5Fel. However, after incorporation of 2.8 and 5.6 wt.% of
iron the basicity decreased somewhat from 81 for Nil5 to 73 and 72 for Nil5Fe2 and
Nil5Fe4, respectively. The incorporation of iron into the nickel containing hydrotalcites
influenced, additionally, the distribution of basic sites in a way depending on Fe content.
There was: (i) a slightly increased number of weak sites for all Fe-promoted catalysts
when compared to Nil5, (ii) an increase in the number of moderate sites for Nil5Fel and
a slight decrease for Nil5Fe2 and Nil5Fe4, and (iii) a slight decrease of the number of

strong sites after incorporation of Fe.
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Table 8.2 Basicity (CO.-TPD) and crystallite sized of Ni° particles (XRD) of reduced Ni and
Ni-Fe samples

Total Medium Strong
Weak sites
Sample basicity sites sites
[nmol/g]?
[umol/g]? [umol/g]*  [umol/g]?

Nil5 81 12 46 23

Nil5Fel 101 38 60 13

Nil5Fe2 73 27 32 14

Nil5Fed 72 31 23 18

@The residual error of the measurement is in the range of 10 umol/g

Activity and selectivity in CO. methanation

Fig. 8.6 shows carbon dioxide conversion as a function of reaction temperature
for nickel-containing catalysts with and without iron promotion. All tested catalysts were
active in the reaction of carbon dioxide methanation. Although the CO> conversion at
250°C was lower than the thermodynamic limit, an improvement, strongly influenced by
the amount of incorporated iron, could be observed. Low amounts of introduced iron (1
and 2 wt.% for fresh samples) resulted in a significant increase in activity of the catalysts
as compared to Nil5, which at 250°C showed 21% CO> conversion as compared to 42%
and 76% for Nil5Fe2 and Nil5Fel, respectively. On the other hand, the addition of higher
amount of Fe (5.6 wt.%) significantly decreased the activity to 7%. It is also worth noting
that the activity of the catalyst containing 2.8 wt.% Fe (calcined sample) was higher at
250°C than that for Nil5 catalyst but lower at higher temperatures. The enhanced activity
of the sample containing 1.5 wt.% of iron (calcined sample) as compared to Nil5 may
have its origin in the simultaneous improvement of the following properties: (i) the
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highest Sget of the catalysts, (ii) the increased reducibility of nickel species and (iii) the
highest content of basic sites of medium strength of all strength, which, as proposed by
Pan et al. [218] are involved in the reaction of CO2 methanation. The latter may have
been the dominating effect, as shown for the unpromoted Ni-hydrotalcite in the previous
Chapter. The decreased activity of the catalysts containing highest amount of iron (5.6
wt.% for calcined sample), on the other hand, may be explained by a drastic decrease in
specific surface area, which suggests partial coverage of the catalysts surface by iron
species. This resulted in a strong decrease in the number of basic sites of medium strength
and this effect could not be compensated by higher reducibility of this catalyst. At higher
temperature applied in our experiments (350 and 400°C), Nil5Fel catalyst showed CO>
conversion values at or almost at thermodynamic limit. At 400°C all samples, except
Nil5Fe4 reached thermodynamic equilibrium. The incorporation of Fe into Ni-
hydrotalcites did not have any major influence on either Ni-sintering or carbonaceous

deposits formation.
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Figure 8.6 CO; conversion versus temperature for Fe-promoted Ni-containing HT-derived
catalysts
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As shown in Table 8.3, the metallic nickel crystallite sizes for the spent catalysts
did not change when compared to the reduced ones. No reflections arising from graphite
at 20 = 26° were observed for the spent catalysts. Thus, extensive coking with graphite
formation may be excluded, in agreement with the results obtained by Abate et al. [133]
who reported that carbon deposition was absent on Ni/Al-HT catalysts in carbon dioxide

methanation.

Table 8.3 Crystallite size of Ni° for the reduced and spent Ni-containing Fe-promoted HT-
derived catalysts

Crystallite size

Sample [nm]P

Reduced Spent

Nil5 7 6
Nil5Fel 7 8
Nil5Fe2 8 8
Nil5Fe4 9 9

Fig. 8.7 depicts the selectivity towards methane in a function of temperature. The
incorporation of Fe did not decrease the high selectivity to methane, except for Nil5Fe4
and, to a smaller extent, the results at 450°C for the other Fe-promoted catalysts. At low
temperature range of 250-300°C almost total selectivity towards methane was recorded,
except the sample containing 5.6 wt.% Fe. The Nil5Fe4 catalyst showed CHj selectivity
of 97% at 250°C. For Nil5, Nil5Fel and Nil5Fe2 the selectivity towards methane was
almost the same at the temperature range of 250-350°C, and at 450°C only 2-4 % of side
reaction product (carbon monoxide) were recorded for Nil5, Nil5Fel and Nil5Fe2,

while 21% selectivity towards CO was registered at 450°C for Nil5Fe4. The formation
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of this by-product at higher temperatures originates, according to the thermodynamic

predictions, from reverse water gas shift reaction. No other products, except CHs and CO,

were registered during the catalytic tests.
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Figure 8.7 CHy, selectivity vs temperature for Fe-promoted Ni-HT catalysts

Conclusions

Iron-promoted Ni-HT-derived materials were prepared by co-precipitation method.

All obtained catalysts were characterized by low temperature N2 sorption, ICP-OES,

XRD, H,-TPR and CO»-TPD and tested in the reaction of carbon dioxide methanation at

GHSV = 12000h! using a mixture of CO2/H2/Ar with molar ratio of 3/12/5.

The XRD results suggest the successful incorporation of both nickel and iron into the

structure of hydrotalcite. The introduction of iron into the nickel-containing hydrotalcite
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resulted in increased reducibility of the samples due to the weakened Ni-MgO interaction.
The specific surface area was not changed when low amount (1.5 wt.%) of Fe was added
while higher amounts (2.8 or 5.6 wt.%) led to the Sget decrease by ca. 30%. The XRD
experiments suggest the formation of highly dispersed metallic nickel phase with particle
size ranging from 7-9 nm. No crystallite size changes were observed for the catalysts after
reaction as compared to the reduced ones. The incorporation of iron affected the CO>
adsorption capacity of the catalysts only to a small extent. However, it influenced the
distribution of basic sites and in this case the amount of Fe was the determining factor.
There was a slight increase of the number of weak sites, a strong increase in the number
of medium-strength sites and a decrease when higher amounts of Fe were introduced. The
number of strong sites was decreased after incorporation of Fe. The activity of the
catalysts at low temperature (250°C) increased after the incorporation of 1.5 and 2.8 wt.%
of Fe when compared to the sample containing only Ni (Nil5). However, after
incorporation of 5.6 wt.% Fe the activity decreased. The dominant influence on activity
may be assigned to changes in basicity, with some additional influence of Sger and
reducibility. However, the first two effects, if negative, dominated over the reducibility

improvements, as observed for the catalyst with the highest amount of iron (Nil5Fe4).
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8.2.  The influence of La promotion

The choice of La as promoter was based on literature studies. Zhi et al. indicated that
Ni-containing SiC catalyst promoted with lanthanum showed higher activity in
comparison to the non-promoted one [154]. However, lanthanum was not considered as
promoter of Ni-hydrotalcites in their function as CO. methanation catalysts.

Lanthanum-promoted Ni-HT-like materials were synthesized by co-precipitation
method at controlled pH. All prepared materials had a fixed molar ratio of M?*/M3*, and
the varying parameter was AI®*/La%*. This Chapter presents the results of
physicochemical characterization of the prepared Ni-containing La-promoted materials
and their catalytic evaluation towards CO> methanation reaction. As it will be described
in this Chapter, lanthanum was not successfully incorporated into the brucite-like layers
of hydrotalcite via co-precipitation, therefore this Chapter was divided into two
subchapters, which were focused on influence of, respectively, lanthanum introduction

via co-precipitation and adsorption or impregnation.

Influence of lanthanum promotion using co-precipitation method

Physico-chemical properties of the catalysts

The elemental analysis of the calcined samples was determined by XRF and is
presented in Table 8.4. La addition to the preparation mixture had almost no effect on the
content of nickel in the calcined samples, thus, XRF analysis has proving that the
composition of mixed oxide materials derived from hydrotalcites may be strictly

controlled during the synthesis, even in the presence of La as promoter.
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Table 8.4 The results of elemental analysis of the obtained lanthanum-promoted mixed oxides

Molar content for the Metal content
Material samples (fresh)
Ni/Mg/La/Al Ni La
Nil5 0.212/0.54/-/0.25 21.4 -
Nil5Lal  0.215/0.535/0.006 /0.244 21.3 0.9
Nil5La2 0.215/0.535/0.0122/0.2378  21.2 1.8
Nil5La4 0.22/0.53/0.025/0.225 21.2 3.6

! Determined by XRF analysis

XRD analysis of fresh and calcined HT-derived La-promoted mixed

oxides

The XRD diffractograms obtained for fresh and calcined Ni/Mg/La/Al hydrotalcites
are shown in Fig. 8.8 and 8.9, respectively. All XRD patterns exhibited reflections at 20
= 11, 24 and 35°, originating from X-ray diffraction on (003), (006) and (009) planes,
respectively. For Lanthanum-promoted hydrotalcites additionally two separate phases
arising from La compounds were found in the diffractograms, Laz(COz)2(OH). and
La>0.COs3. No changes in the interlayer spacing (parameter ¢) and average cation-cation
distance (parameter a) were observed, which suggests that no La was introduced into the

brucite-like layers of hydrotalcite, in good agreement with Serrano-Lotina et al. and Kalai

et al. who studied similar materials [130, 219].
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Figure 8.8 XRD patterns of the as-synthesized hydrotalcite-like materials

The unit cell parameters calculated for the obtained hydrotalcites are shown in Table

8.5. The c and ¢’ parameters are in the range typical for CO3? (7.65 A) and NOs™ (8.79A)

anions present in interlayer spaces [3]. The values of parameter a of the unit cell, which

describes the average cation-cation distance, did not change for the lanthanum-promoted

samples, again confirming that La was not introduced into hydrotalcites brucite-like

layers.

Table 8.5 Unit cell parameters of the obtained hydrotalcite-like materials

Anions present

parameter ¢ c¢’=c/3 Parameter a
Material between brucite-like
A) A) A)
layers

Nil5 23.46 7.82 3.06 COs2 and NOs-
Nil5Lal 23.43 7.81 3.06 COs2 and NOs’
Nil5La?2 23.49 7.83 3.06 COs2 and NOs-
Nil5La4 23.52 7.84 3.06 COs2 and NOs-
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Figure 8.9 The XRD diffractograms obtained for lanthanum promoted HT-derived mixed
oxides obtained upon thermal decomposition

Figure 8.9 for the calcined samples proves, by the two main reflections at 26 = 43

and 64°, the formation of periclase-like structure of Mg(Ni,Al)O mixed oxides, typically

obtained upon thermal decomposition of hydrotalcite-like materials [3]. Additionally, two

phases of La compounds can be observed assigned to La,O3 and La,0.COs. The presence

of La promoter did not influence the structure of Ni-hydrotalcite to any significant extent.

Reducibility of La-promoted Ni-containing hydrotalcite-derived

catalysts and characterization of reduced samples
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The H2-TPR profiles for the catalysts promoted with lanthanum are presented in
Fig. 8.10. The profiles of all catalysts exhibit one wide asymmetric peak at
temperatures in the range of 814-846°C, which corresponds to the reduction of NiO
species to metallic nickel (Ni°). The high reduction temperature points to the existence

of thermally stable solid phase solution in the form of mixed oxides Mg(Ni,A)O [220,
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221], as also suggested by other literature reports [210, 222]. The addition of
lanthanum shifted the reduction temperatures of Ni species to lower temperatures,
from 846°C for Nil5 to 821°C, 814°C and 814°C for Nil5Lal, Nil5La2 and
Nil5La4, respectively. At lower temperature of ca. 695°C a weak shoulder for La-
promoted hydrotalcites may be observed, which may correspond to isolated and
weakly bonded NiO species. This is in contrast to Lucredio et al. [30] who reported
that the promotion with low amount of La resulted in the stabilization of Ni phase and

thus increased reduction temperatures of Ni-HTs.
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Figure 8.10 Ho-TPR profiles of HT-derived mixed oxides

The specific surface areas of the reduced materials ranged from 145 to 167 m?/g
(cp. Table 8.6), in good agreement with literature reports for similar mixed oxides derived
from hydrotalcites [179, 223]. The incorporation of low amount of La (1 wt.%) decreased

somewhat the specific surface area, which points to a partial blockage of the surface. On
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the other hand, the values of Sget for the samples promoted with 2 and 4 wt.% of La are
close to the non-promoted parental sample Nil5, this possibly due to some additional area
provided by the La-oxide deposited on the surface, as discussed in more detail together

with XRD results for the reduced samples.

Table 8.6 Sger, total pore volume and average pore diameter of the reduced HT-derived mixed
oxide

Total pore  Average pore

Catalyst Sger [m?/g]? volume diameter
[em?®/g] (nm)
Nil5 167 0.73 17
Nil5Lal 145 0.31 13
Nil5La2 165 0.37 16
Nil5La4 161 0.35 15

The XRD diffractograms registered for the materials reduced in the stream of
10%H./Ar are shown in Fig. 8.11. All diffractograms showed reflections at 20 = 44.5, 51
and 76° arising from cubic metallic nickel (ICOD 01-087-0712) with the second reflection

overlapped with the one arising from periclase-like structure.
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Figure 8.11 The XRD diffractograms obtained for lanthanum-promoted HT-derived mixed
oxides after activation in a stream of 10%Hy/Ar for 1h at 900°C

The estimated values of Ni crystallite size, which were calculated using the

position of Ni(200) reflection and Scherrer equation, are presented in Table 8.7.

Table 8.7 Metallic nickel crystallite size for HT-derived reduced catalysts after reduction and
reaction

Ni° Crystallite size [nm]

Material
Reduced Spent
Nil5 8 8
Nil5Lal 9 8
Nil5La2 9 9
Nil5La4 9 10

Figure 8.12 shows the CO>-TPD profiles obtained for the mixed oxide materials
derived from hydrotalcites after reduction by 10% Ho/Ar. Three peaks may be observed
on the profiles corresponding to weak (138-150°C), medium-strength (232-251°C) and
strong basic sites (349-374°C). The number of respective sites is presented in Table 8.8.
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Figure 8.12 CO,-TPD profiles of reduced La-promoted HT-derived mixed oxides in

comparison to unpromoted catalyst

As presented in Table 8.8 the introduction of 0.9 wt.% of lanthanum led to a small
decrease in total basicity from 82 for Nil5 to 55 umol/g for Nil5Lal. On the other hand,
the total number of basic sites increased for La-loading of 1.8 and 3.6 wt.%, respectively,
to 139 and 122 umol/g. Moreover, for the latter samples the main increase in basicity was
connected with the increase in the number of medium-strength basic sites. Similar results
were reported by Wang et al. [223]. The lack of direct correlation between basicity for
Ni-HT containing 0.9 wt.% as compared to 1.8 and 3.6 wt.% of La may have been caused

by a summary effect of a partial blocking of the basic sites (as suggested by decreased
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Seet for Nil5Lal) and the formation of new basic sites by lanthanum oxides for Ni15La2
and Nil5La4 compensating to certain extent the blocking effect. It should be mentioned
that the increase of basicity for Nil5La2 is in good agreement with Zhang et al. who

studied similar materials obtained by urea synthesis method [137].

Table 8.8 Total basicity and distribution of basic sites for the reduced Ni-containing La-
promoted HT-derived catalysts (CO,-TPD).

Total Weak Medium Strong

Sample basicity sites sites sites

[umol/g]  [umol/g] [pmol/g]  [umol/g]

Nil5 82 7 60 15
Nil5Lal 55 21 30 4
Nil5La2 139 12 113 14
Nil5La4 122 21 87 14

Catalytic performance in CO2 methanation

The CO- conversion registered during the methanation experiments (Fig. 8.13) is
plotted as a function of temperature for the studied La-promoted catalysts derived from
hydrotalcite obtained by co-precipitation method. Complete CO, conversion is predicted
at low reaction temperatures, decreasing with increasing temperature. At 250°C, the CO>
conversions were much lower than the calculated maximal thermodynamic conversion

limit.
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Figure 8.13 The results of catalytic tests carried out in the temperature range of 250-450°C,
total flow 100 cm3/min, CO2/H2/Ar = 3/12/5, GHSV = 12000 h!

However, as compared to non-promoted Nil5, a considerable improvement was
registered for Nil5La2 and Nil5La4, in contrast to Nil5Lal, which showed decreased
activity. The highest carbon dioxide conversions were registered for the catalysts
promoted with 1.8 and 3.6 wt.% of La and were 46.5% and 46% of COg, respectively.
Their increased activity as compared to Nil5 and Nil5Lal may be explained by both
increased basicity of the Nil5La2 and Nil5La4, especially where the number of moderate
basic sites is concerned, and increased reducibility resulting from the weakened
interaction of Ni species with the support matrix. As proven by XRD, La forms separate
phases and is not introduced into the hydrotalcite-like structure. For the catalyst with 0.9%
La the decrease in the catalytic performance is well correlated with the lowest number of

basic sites. As reported by Pan et al. [63] the reaction of CO, methanation on Ni-
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containing catalysts involves the dissociative adsorption of Hz on metallic nickel and
adsorption of CO> on the basic sites, thus an optimum catalyst composition needs to be

found.

At higher reaction temperatures the CO> conversion converges to similar values for
all studied catalysts. At temperatures higher than 400°C, a loss in reaction selectivity can

be expected as suggested by the thermodynamic calculations.
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Figure 8.14 Selectivity towards CH4 versus temperature for the studied La-promoted Ni-
containing HT-derived mixed oxides

Figure 8.14 shows the methane selectivity as a function of temperature measured for
the studied catalysts during the activity tests. Almost complete selectivity to methane at
250°C was registered for all the studied catalysts and was between 98-99%. The same
tendency was observed at 300 and 350°C, with the exception of Nil5La2, with selectivity

slightly lower. As predicted by thermodynamics, the selectivity decreased slightly with
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increasing temperature for all samples except Nil5Lal, where the selectivity towards
methane increased from 400°C to 450°C. No other product except carbon monoxide and
methane were registered during the catalytic tests. The selectivity towards CO was in the
range of 1- 3% (highest for the most active Nil5La2 at 450°C). As the amounts of CO
were low, it is difficult to find a correlation between the selectivity towards carbon
monoxide formation and the properties of the studied catalysts. The catalysts activity was
not changed during 24h tests, without further evolution of basicity and no modification

of Ni? crystallite size on the spent catalysts (cp. Table 8.7).

Conclusions

La-promoted Ni-containing catalysts derived from hydrotalcites were synthesized

using co-precipitation at constant pH, with a fixed M?*/M3* molar ratio equal to 3.

The theoretical amount of La introduced into fresh as-synthesized HTs were 1, 2 and
4 wt.%. The calcined catalysts revealed similar contents of La, of 0.9, 1.8 and 3.6%,
respectively. However, as proven by XRD, La species were not incorporated into the
brucite-like layers of hydrotalcites, but were present as separate phases of La,Os and
La,0>COz on the materials surface. H, temperature programmed reduction of the
materials derived from hydrotalcites showed that the introduction of lanthanum resulted
in the increased reducibility of Ni-species due to the weakened interaction with the HTs
matrix. CO, temperature programmed desorption tests of reduced HT-derived mixed
oxides showed that the introduction of La influenced strongly the CO- adsorption capacity
of the catalysts via the formation of medium-strength basic sites, although the final effect
was superposition of the effect of blocking of parent Ni-HT sites by the deposited La
species and the formation of new basic sites arising from La-phases. Both increased

basicity, especially that connected with medium-strength basic sites, and increased Ni-
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reducibility, resulted in increased activity at low temperatures for La-promoted HT-
derived catalysts. This was the case when appropriate amount of the promoter (2 or 4
wt.%) was introduced. For Nil5Lal, the blockage of basic sites by La-compounds
deposited on the surface could not be compensated by new La-originating sites and thus,
due to overall decreased number of basic sites, activity was lower than that of Nil5. The
selectivity towards methane in the low temperature region was in the range of 98-99%
for all the catalysts. During 24h stability tests activity and selectivity of all catalysts

remained almost unchanged.

161




New nano-oxide catalysts for CO, hydrogenation reaction

162




Chapter 8. The influence of promoters on catalytic performance of Ni-hydrotalcites

8.3. The comparison of La-promoted catalysts prepared by different
methods

As discussed in the Chapter 8.2, lanthanum was not introduced into the brucite-like
layers of HT materials during co-precipitation procedure. Thus, this chapter was focused
on other, alternative, methods of lanthanum introduction into Ni-hydrotalcites in order to
assess the effect of such methods on physicochemical properties and their influence on
the catalytic performance in CO2 methanation reaction. Lanthanum was introduced via
impregnation or adsorption from a solution of La-EDTA complex and the obtained
catalysts were compared to a selected catalyst prepared by co-precipitation and discussed
in the previous Chapter. For this comparison the best performing Nil5La2 catalyst was
chosen and for the sake of clarity of discussion, renamed in this Chapter by adding the
preparation procedure (CP) to the former designation. In case of adsorption, additionally

Nil5L4ps) and Nil5Lalaps) were prepared.

Physicochemical features of La-promoted Ni-containing HT-derived

catalysts

Figure 8.15 and 8.16 compare diffraction patterns of fresh hydrotalcites and mixed
oxides obtained upon thermal treatment of La-promoted hydrotalcite-like materials,
where La was introduced either by co-precipitation of La, Ni, Mg and Al nitrates or by
adsorption of La(EDTA) complex or impregnation (of calcined material). The patterns
obtained for all as-synthesized materials confirmed the existence of a multilayer
hydrotalcite-like structure [224]. When lanthanum was introduced by adsorption from
aqueous La-EDTA complex solution no additional reflections arising from a separate
phase were observed, suggesting either the presence of non-crystalline deposits or of

crystallites of very small size, under the detection limit of XRD.
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Figure 8.15 XRD patterns for as-synthesized materials. CP — denotes the catalyst with La
introduced during co-precipitation of all components, ADS — denotes catalysts with Ni-
hydrotalcite promoted via adsorption with La(EDTA)™ complex

The values of parameter ¢, summarized in Table 8.9, calculated from the position
of the first reflection are 23.04A-23.49A [213]. Average distance between cations
(parameter a) was 3.06A for all materials. As discussed in Chapter 8.2, the XRD patterns
confirmed that La was not incorporated into hydrotalcite layers for co-precipitated
catalysts, as no variation in the unit cell ¢ parameter could be observed. There is no proof
of La introduction also for the samples promoted with La by adsorption. On the other
hand, an absorption band at 1604 cm arising from COO- present in EDTA (Appendix
Al) was observed in the FTIR spectra acquired for these materials, which suggests that

the La(EDTA)  complex was deposited on the materials surface.
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Table 8.9 Unit cell parameters of La-promoted Ni-containing hydrotalcite-like materials

Unit cell Unit cell Anions present
c¢’=c/3
Material parameter ¢ parameter a  between brucite-
A) @ A) like layers

Nil5 23.46 7.82 3.06 COs2 and NO3°
Ni15La(ADS) 23.23 7.76 3.06 CO32and NO3
Ni15La2(ADS) 23.26 7.76 3.06 CO32and NO3
Nil5La4(ADS) 23.04 7.68 3.06 COs2 and NO3°
Nil5La2(CP) 23.49 7.83 3.06 COs2 and NO3°

XRD patterns of the calcined hydrotalcites are shown in Fig 8.16. Typical
reflections were observed at 20 = 42.5 and 63° confirming that mixed oxides of periclase-
like structure were obtained. No additional phase was observed for the samples where La
was incorporated using adsorption method, in contrast to the samples obtained by co-

precipitation and impregnation method, with separate phases of La,O3 and La;02COs.
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Figure 8.16 XRD patterns for the calcined materials

Reducibility and physico-chemical characterization of reduced

catalysts

The H>-TPR profiles obtained for the calcined catalysts derived from hydrotalcites
are shown in Figure 8.17. All profiles obtained for the studied materials show one wide
asymmetric peak originating from the reduction of NiO species to metallic nickel (Ni®)
with a maximum at 818-850°C. The introduction of La shifted the reduction peaks of Ni
species to lower temperatures i.e. from 850°C for Nil5 to 818°C, 824°C, 832°C, 836°C
and 836°C for Nil5La4aps), Ni15La2(aps), Nil5La2cp), Nil5Lalaps) and Nil5Lalgme,),
respectively. At lower temperatures of ca. 700°C an additional shoulder appears, which

may arise from the reduction of weaker bonded NiO species.
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Figure 8.17 H>-TPR profiles of La-promoted Ni-containing hydrotalcites with La introduced

by different methods

The H2-TPR profiles obtained for the studied catalysts are in good agreement with

literature reports [6].

Table 8.10 summarizes the textural properties and elemental analysis (XRF) of

the reduced catalysts. The specific surface area, which ranged from 157 to 167 m?/g, was

not influenced after introduction of lanthanum by adsorption method, in good agreement

with results obtained for similar materials [178]. On the other hand, total pore volumes

decreased after introduction of La from 0.71 to 0.33-0.37 cm®/g, and were similar for all

materials containing La, irrespective of the method of La introduction. This confirms that

La was deposited on the surface of hydrotalcite materials, most probably at the inlet to

the porous system. The content of nickel and lanthanum ranged from 21.0-21.4 wt.% and
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0.4-1.8 wt.%, respectively. Thus, it may be observed that the amount of introduced La

was dependent on the introduction method.

Table 8.10 Specific surface area (SgeT), total pore volume and elemental analysis for reduced
hydrotalcite catalysts

Elemental
Total pore
SBET analysisl
Catalyst volume
[m?/g]* Ni La
[cm?/g]*
wt.% wt.%
Nil5 167 0.73 21.4 -
Nil5La2cp) 165 0.37 21.2 1.8
Nil5Lal(aps) 167 0.35 21.3 0.4
Nil5La2aps) 161 0.37 21.0 0.9
Nil5La4aps) 163 0.36 21.1 1.4
Nil5Lalqwmp,) 157 0.33 21.2 1.1

!Low temperature N2 sorption and XRF analysis performed for the reduced catalysts

The XRD patterns acquired for the reduced mixed oxides, shown in Fig. 8.18,
show a separate phase of metallic Ni [179]. For the catalysts with lanthanum added via
adsorption of La-EDTA complex no additional reflections arising from separate
lanthanum phases were registered, in contrast to the catalysts with La added via co-

precipitation or impregnation, where a separate phase of La>Os may be observed.
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Figure 8.18 XRD patterns for the reduced catalysts, reduction conditions: 900°C for 1h in
100ml/min of 10%H./Ar

The Ni crystallite sizes for the reduced catalysts, summarized in Table 8.11, were
in the range of 5-10 nm. The introduction of lower amounts of La by adsorption (0.4 wt.%
for Nil5Lalaps) and 0.9 wt.% for Nil5La2(aps)) led to an enhanced dispersion of Ni,
with nickel particle size decreasing from 9 nm for Nil5 to 5 and 7 nm for Nil5Lal(aps)
and Nil5La2aps), respectively. This should be of advantage where catalytic performance
in CO2 methanation is concerned, as according to Fan et al. nickel particles of small size
faciliate the CO2 hydrogenation to methane [132]. However, when higher amounts of La
were deposited on the catalysts, crystallite size increased to 10 and 11 nm for
Nil5La2(aps) and Nil5Ladaps), respectively. Thus, a higher dispersion can be obtained
when low amounts of lanthanum are introduced by adsorption method, which results in a

limited growth of nickel crystallites size, as discussed later.
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Table 8.11 Crystallite sizes of metallic nickel (Ni°) calculated for the reduced and spent
catalysts

Lacontent  Crystallite size [nm]

Catalyst

[wt.%0] Reduced Spent

Nil5 - 9 8

Ni15La2cp) 1.8 8 9

Ni15Lal(aps) 0.4 5 5

Ni15La2(aps) 0.9 7 7
Ni15La4aps) 1.8 11 11
Ni15Lalawve) 1.1 10 10

The CO2-TPD profiles obtained for the materials derived from hydrotalcites after
reduction by 10% H/Ar shown in Fig. 8.19 were deconvoluted into three Gaussian peaks
corresponding to weak, medium-strength and strong basic sites, with the appropriate

numbers summarized in Table 8.12.
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Figure 8.19 CO,-TPD profiles for the reduced HT-derived catalysts.

The promotion with lanthanum increased the basicity of the catalysts, with the
exception of Nil5Lalgwey sample. The increase could have its origin not only in the
amount of introduced La but also its dispersion on the surface arising from different
methods of introduction. Lanthanum changed not only the total number of basic sites, but
also their distribution by increasing the number of medium-strength sites, and barely

affecting the number of weak and only slightly that of strong basic species.

The total basicity for samples obtained by adsorption method followed the
sequence: Nil5Lalaps) ~ Nil5La2aps) > Nil5Ladaps), While the appropriate sequence
for medium-strength basic sites was Nil5Lalaps) > Nil5La2aps) ~ Nil5La4(aps).
Simultaneously, the data in Table 8.12 prove that adsorption of La complex led to higher

basicity, as well as higher number of basic sites of medium-strength than both co-
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precipitation and impregnation methods. This may have arisen from better dispersion of
La (and thus possibly better contact between Ni and La species). The former is backed by
two observations: (i) XRD patterns, showing no La-crystallites for the catalysts obtained
by adsorption in contrast to impregnated and co-precipitated samples, and (ii) basicity
decreasing slightly with the amount of La introduced by adsorption, which suggests the

simultaneous formation of larger La-entities.

Table 8.12 Basicity of the reduced La-promoted Ni-HTs (CO,-TPD) promoted with La by
different methods.

Total Weak  Medium  Strong

Catalyst basicity sites sites sites

[wmol/g] [pmol/g] [pmol/g] [pmol/g]

Ni15 82 7 60 15
Nil5La2cp) 139 12 103 24
Nil5Lalaps 292 18 141 43
Ni15La2(aps) 198 27 127 48
Nil5Ladapsy 182 29 120 M
Nil5Lalgupy OO 42 33 11

Activity and selectivity in CO2 methanation

The COz conversion in CO2 methanation versus temperature is shown for all
studied catalysts in Fig. 8.20. All catalysts were active, with results strongly depending

on the method of La introduction, especially at the lowest studied temperature of 250°C.
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Figure 8.20 CO, conversion for Ni-hydrotalcites promoted with La by different methods.
Reaction conditions: CO2/H2/Ar = 3/12/5, GHSV = 12 000 h!, temperature range from 250 to
450°C

Although at this temperature CO conversion was far from the thermodynamic
limit, CO2 conversion was significantly improved by La promotion (with the exception
of the samples prepared by La-impregnation) and formed a sequence: NisLaiaps) >
NiwsLasaps) > NissLaaps) > NisLaxcpy > Niis ~ NisLaigwey. This indicates that
appropriate La introduction method may lead to considerable activity improvements. On
the other hand, only slight dependence of CO. conversion on La content was observed
for the most active catalysts. The appropriate number for the samples prepared via La
introduction by adsorption were 56%, 53% and 52% for NiisLaiaps), NisLazaps) and

NiisLasaps), respectively.
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The enhanced activity towards CO> methanation for the catalysts promoted with
lanthanum may have resulted from both (i) increased basicity and (ii) the weakened
interaction of NiO species with the supports matrix, the latter leading to smaller and better
dispersed Ni crystallites. Figure 8.21 a) shows CO conversion plotted versus total
number of basic sites and Figure 8.21 b versus the number of moderate sites, respectively.
From Fig. 8.21 a) it may be observed that the increase in number of basic sites leads to
increased CO conversion. On the other hand, Fig. 8.21 b) shows an almost linear
relationship between CO> and the number of moderate sites, as discussed in the Chapter

7 in connection to the improvements in catalytic performance of Ni-hydrotalcites.
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The selectivity towards CH4 formation is plotted as a function of temperature in
Fig. 8.22 for the studied catalysts. Almost complete selectivity towards methane at 250°C
(99-99.8%) was registered. As expected, the CHa selectivity decreased with increasing
temperature and trace amounts of side reaction product (carbon monoxide) were found.
However, the registered amounts of CO were relatively low. No other products except

CHas and CO were registered.
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Figure 8.22 CHj Selectivity for lanthanum promoted Ni-containing hydrotalcites

The stability tests performed at 250°C for 24h for the selected samples are shown
in Fig. 8.23. A slight decrease can be observed after 2.5h TOS followed by stabilization.

After this first period, the catalysts remained stable till the end of the 24h-catalytic tests.
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Figure 8.23 Stability tests for selected catalysts at 250°C for 24h, reaction conditions:
GHSV =12 000 h1, total flow = 100 cm3/min, CO2/H»/Ar = 3/12/5

Characterization of the spent catalysts

Figure 8.24 shows XRD patterns of the spent samples. As shown in Table 8.11 the
crystallite sizes of Ni did not change after reaction in comparison to the reduced samples.
No reflections arising from graphite (at 26 = 26°) could be observed in the diffractograms

of the spent samples.
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Figure 8.24 XRD patterns of the spent La-promoted Ni-containing HT-derived catalysts

Conclusions

The hydrotalcite-like materials were promoted by La using different methods (i)
co-precipitation of hydrotalcites in the solution of sodium carbonate, (ii) adsorption of
La-EDTA complex on Ni-hydrotalcite and (iii) impregnation of Ni-hydrotalcite with a
solution of lanthanum nitrate, and tested as catalysts in CO, methanation. The physico-
chemical characterization of the obtained materials showed that La was not incorporated
into the structure of hydrotalcite-like materials, but was present on the surface, either well
dispersed (in case of adsorption) or in the form of La-species (co-precipitation or

impregnation).

As proven by CO-TPD performed for the reduced materials, the introduction of

lanthanum affected the CO, adsorption capacity by influencing the number of medium-
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strength basic sites. The changes in the number of basic sites and their distribution were
dependent on the method of La introduction, the most efficient method to increase the
number of moderate basic sites being the adsorption. On the other hand, impregnation led
to the decrease of the number of such sites. H>-TPR indicated that the promotion with La
resulted in the weakened interaction between Ni and HT-derived matrix, where Ni-
species are commonly present in the form of solid oxide solutions NiO-MgO. The activity
of the catalysts in carbon dioxide methanation was found to be almost linearly dependent
to the number of moderate basic sites. The crystal size of Ni particles in the reduced
catalysts, which was lower for the samples with small amounts of La, could have also
contributed to an enhancement of the catalytic activity in the hydrogenation of carbon
dioxide to methane, even at the lowest studied temperature of 250°C. Catalytic tests
carried out at 250°C for 24h for the unpromoted (Nil5) and La-promoted catalyst

(Nil5Lal(aps)) proved high stability of both during CO, methanation.
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9. Optimization of the catalysts

Chapter 7 showed that CO> conversion of Ni-hydrotalcite depends on Ni content.
Ni40 was found to be the best performing catalyst. Chapter 8.2 showed that the promoting
effect depended on the amount of introduced La, with 2 wt.% resulting in the best
performance. Promotion with La increased the catalytic activity of Nil5, especially at
250°C and 300°C — temperatures, which are of most interest for CO, methanation. This
is why in order to optimize the Ni-hydrotalcite catalyst, Ni40 was promoted with 2wt.%
of La by co-precipitation method. The same catalysts were then studied by operando XAS

and XES (Chapter 10) in order to elucidate the role of promoter.

Physico-chemical properties of the optimized catalysts

The contents of Ni and La determined by XRF are close to the calculated before
synthesis (cp Table 9.1). The specific surface areas (Sger) were 71-72 m? gt and total
pore volumes (Vi) are 0.25 — 0.27 cm? g (cp. Table 9.1). Thus, he textural properties

were not significantly affected after introduction of 2.6 wt. % of La.

The XRD patterns obtained for as-synthesized Ni40La2 hydrotalcite (compared
to Ni40 in Appendix, Fig. A2) show reflections typical for hydrotalcite-like material. In
case of the studied Ni40La2 sample the ¢ parameter value was in 23.34A and parameter

a value was ca. 3.04 A.

Typical reflections arising from periclase-like structure were observed (Appendix,
Fig. A3) after calcination of the as-synthesized hydrotalcite-like materials. No other
phases were observed on the XRD diffractograms, similarly, as discussed in Chapter 7

for Ni-containing samples and in contrary to the results presented in Chapter 8.2 for La-
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promoted materials, where separate phases of La compounds were observed on XRD

diffractograms for calcined samples.

Table 9.1 Specific surface area SgeT, total pore volume Vi: and elemental analysis results for
the reduced Ni and Ni/La HT-derived catalysts

Textural properties Chemical analysis
Catalyst
Specific Total pore
surface area volume Ni Mg La Al
(Seer) [m?/g]*  [cm¥/g]
wt% 40 1.9 - 6.8
- - fresh
Ni40 mol% 0.67 0.08 - 0.25
71 0.27 reduced wt% 521 25 - 8.6
wt% 40 15 2 6.3
- - fresh
19 0.06
Ni40L a2 mol% 0.68 7 0.015 0.235
72 0.25 reduced wt% 516 1.8 2.6 7.7

@The accuracy of Sget determination is usually assumed to be ca. £5 %

The active sites and reducibility are in good agreement with general tendencies
registered for other Ni-hydrotalcites studied in this PhD thesis, as discussed in Chapters
7, 8.2 and 8.3. Appropriate H-TPR and CO-TPD profiles are given in Appendix (Fig.
A4 and A6). All Hx-TPR profiles obtained for the calcined catalysts showed an
asymmetric peak at temperature ranging from 676 to 686°C, originating from the
reduction of NiO species to Ni° confirming a strong interaction of NiO and the supports

matrix and thus suggesting high Ni dispersion. Similarly, as found in the Chapter 8.2 and
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8.3, the reducibility of La-promoted sample increased, resulting in a shift of the reduction
peak from 686°C Ni40 to 676°C for Ni40La2.

The XRD diffractograms obtained for the reduced materials (Appendix, Fig. A5)
revealed the existence of periclase-like structure (MgO) and metallic nickel (Ni°) phase,
the latter with crystallite sizes ranging from 8-9 nm. In contrary to the studied presented
in Chapter 8.2 and 8.3 no other reflections originating from separate lanthanum phases
were registered for the La-promoted sample.

From the CO,-TPD profiles obtained for the HT-derived mixed oxides after
reduction at 900°C in 10%H./Ar, the number of basic sites was calculated (cp. Table 9.2).
Similarly, as for the samples discussed in Chapter 8.2, the distribution of basic sites
changed and the total number of basic sites increased with La introduction, especially

those of medium-strength.

Table 9.2 Basicity of reduced materials (CO.-TPD) and crystallite sizes of Ni° particles (XRD),
TOF and Ni dispersion

Medium Crystallite size
Weak Strong b Ni
Total strength [nm]
basic basic dispersion TOF
Material | basicity basic
sites sites [%0] [s1]d
[pmol/g]? sites Spent
[nmol/g] [umol/g] | Reduced reduced
[nmol/g]
/spent
Ni40 130 32 59 39 8 76/9.1 3.1x10°2
Ni40La2 211 55 97 49 9 80/75 3.4x10°2

aThe residual error of the measurement is in the range of 10 umol/g

bThe weighted residual error is in the range from 3 to 6% for the crystallite size

d GHSV=12000h"! at 250°C
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Catalytic performance

The carbon dioxide conversion measured during catalytic CO, methanation
experiments are plotted in Figure 9.1. Both catalysts were active in the reaction of CO-
methanation. As for Nil5, the promotion of Ni40 with 2wt.% La increased at 250°C the
CO2 conversion, from 84.3% for Ni40 to 88.2 % for Ni40La2. Increasing the temperature
to 350, 450 and 450°C resulted in quite similar CO2 conversion, reaching thermodynamic
equilibrium for both. The TOF values at GHSV = 12000 h and 250°C (Table 9.2) were

3.1x107? and 3.4x10°2 for Ni40 and Ni40La2, respectively.
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Figure 9.1 CO; conversion versus temperature for the studied catalysts

The selectivity towards methane as a function of temperature is plotted in Figure
9.2. Almost complete selectivity towards CH4 of ca. 99.0 and ca. 99.6% for Ni40 and
Ni40Laz2, respectively, was registered for the catalysts at 250°C. Only negligible amounts

of carbon monoxide as side-product were recorded at higher temperatures.
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24h catalytic tests were performed to study the stability of the catalysts at 250°C

at GHSV = 12000h! (Figure 9.3). The 24h tests proved that the catalysts remained stable.,

after the first (ca.) 2 hours TOS.
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Figure 9.2 CHy, selectivity vs function of temperature for the studied catalysts
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Figure 9.3 CO, methanation reaction performed for 24h at 250°C and GHSV = 12000h!
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Characterization of the spent catalysts

Ni40 and Ni40La2 samples were characterized by XRD (Appendix, Fig. A7) and

TEM (Fig. 9.4) after methanation reaction carried out at constant GHSV = 12000h. To

examine the structural changes of materials the obtained results were compared with the

ones registered for samples after reduction.
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Figure 9.4 TEM images and Ni particle size distribution of: a) reduced Ni40, b) spent Ni40, c)

reduced Ni40La2 and d) spent Ni40La2
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XRD analysis showed no changes in crystallite sizes for the spent (cp. Appendix,
Fig. A7) catalysts then compared to the reduced ones. No reflections originating from
graphite phase were registered on the diffractograms of the spent catalysts.

The Ni particle mean size of calculated from TEM are in the same range as the
values calculated from XRD diffractograms (Table 9.2). The reduced Ni40 catalyst
showed larger metallic Ni crystallite size compared to the spent catalyst, which points to

reorganization of Ni crystallites during CO> methanation reaction.
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10. Examination of the promoting role of lanthanum — in-situ XAS

and XES studies

Despite new findings both, the reaction path and the role of promoters in Ni-catalysts,
still need to be elucidated. Recently, both theoretical Density Functional Theory (DFT)
calculations and experimental Fourier Transform Infrared Spectroscopy (FTIR) and X-
ray absorption fine structure (XAFS) have been used to describe the chemical activity of
the surface of Ni-based catalyst in the CO2 methanation process [7, 82, 225, 226]. The
mechanisms proposed by literature are either an associative [58] or a dissociative one [66]
as discussed in Chapter 4.1. The associative mechanism proposes the formation of
oxygenate intermediates, which are subsequently hydrogenated to CHa, while the
dissociative mechanism involves the dissociation of CO- to adsorbed CO and O with the
subsequent hydrogenation of CO to CH4. However, in most of the publications, CO is
accepted as the main intermediate in CO2 methanation. Literature reports confirm that the
synchrotron-based techniques are efficient tools for the study of active species local
coordination and the behaviour of the catalysts under various conditions [11, 227]. This
is why in order to examine the promoting effect of La on CO, methanation reaction
operando XAS and XES techniques were chosen. Such techniques as HERFD-XANES
or X-ray emission spectroscopy - XES may help to identify the adsorbed species,
determine the chemical information and calculate the bond distances. These techniques
were used to determine the local coordination and oxidation state of nickel in the studied
catalysts in both reduction step and carbon dioxide methanation reaction. Valence-to-core
X-ray emission spectroscopy (vtc-XES) was used to study the ligand environment of Ni

species during pre-treatment and CO, methanation.
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High Energy Resolution Fluorescence Detection — X-ray Absorption

Near Edge Spectroscopy

The local coordination and oxidation state of Ni was examined using XANES.
The spectra were collected during the reduction step and CO2 methanation reaction. The
XANES spectra of Ni K edge arise from symmetry allowed transitions of 1s electron to
the excited vacant bound states, while the pre-edge features originiate from the transitions
of 1s electron to unoccupied 3d orbital. The main absorption edge features originate from
the dipole allowed transition of 1s -> 4p [228, 229]. The reference spectra (Ni foil and
NiO) are plotted in Figure 10.1 together with the spectra of the Ni40 catalyst after
preparation steps - fresh, calcined and reduced. The higher pre-peak intensity for the
calcined Ni40 material suggests higher distortion of Ni octahedral sites in the catalyst
[230]. X-ray absorption spectra of the reduced Ni40 catalyst are similar to Ni foil, thus
indicating that all Ni?* in Ni40 was totally reduced to Ni® and the Ni° nanoparticles are

without long-range structure ordering.
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Figure 10.1 HERFD-XANES spectra of fresh, calcined and reduced Ni40 catalyst compared to
reference spectra of Ni foil, Ni oxide and Ni hydroxide

Additionally, in order to follow the local environment changes of Ni the XANES
spectra were recorded in-situ during reduction carried out at 400, 500, 600 and 700°C for
Ni40 and Ni40La2. Before the reduction both catalysts were calcined at 500°C for 1h in
air. The reduction was performed in Hz/He from room temperature to 750°C, and the
spectra recorded for both catalysts during reduction are presented in Figure 10.2. From
Fig. 10.2 it may be seen that the white line intensity decreased with increasing
temperature of reduction. Simultaneously the pre-peak grew in intensity, reflecting a
transition of nickel oxide to metallic Ni nanocrystallites. After 30 minutes treatment in
H/He flow at 750°C, no spectral features of oxide phase were registered, proving the full

reduction.
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Figure 10.2 HERFD-XANES spectra evolution of both studied catalyst during in-situ
reduction, calc — calcined, 400, 500, 600 and 700 — reduction temperature

The changes of Ni state were studied by changing the sequence of introduction of

the reaction reagents. The catalysts, after reduction procedure mentioned above, were
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exposed separately to a stream of Hz or CO., as well as a mixture of both. The reactor
was cooled down after the reduction at 750°C to 300°C and a mixture of 30%Hz/He was
introduced. The XANES spectra collected at these conditions are almost identical to those
recorded after reduction at 750°C. Subsequently, the flow of Hao/He was switched to 12%
COo/He at the same temperature of 300°C. Only small changes were registered in the
spectral features of Ni40 CO- catalyst in comparison to the Ni40 H> spectrum shown in
Figure 10.3. In contrary, a considerable pre-edge peak intensity decrease may be clearly
observed for Ni40La2 CO> as shown in Fig. 10.4. The obtained results prove that nickel
in the La-promoted Ni40La2 catalyst reacts more easily with CO; influencing strongly
Ni chemical state. While the Ni state did not change after introduction of the reaction
mixture (CO2 + Hy) for Ni40 catalyst, an intermediate state in between reduction (Hz) and
oxidation (COz) conditions was observed for the Ni40La2 catalyst. These results show
the crucial role of lanthanum introduction in the enhancement of the activity in CO-

methanation of HT-derived catalysts.
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Figure 10.3 The XANES spectra of Ni40 catalyst registered under various conditions
(Hz(reduction), CO; and COz+Hy).
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Figure 10.4 The XANES spectra of Ni40La2 catalyst registered under various conditions
(Hz(reduction), CO; and CO2tHy).
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The linear combination fitting (LCF) was applied to the studied XANES spectra
in order to estimate the fraction of oxidized Ni and the results are summarized in Table

10.1.

Table 10.1 The fraction of Ni oxidized calculated from LC fitting of XANES spectra

fraction of Ni

Catalyst At h -
atalys mospnere oxidized
CO; 0.006
Ni40
CO2+H2 0
CO2 0.37
Ni40La2
CO2 + Hy 0.18

As shown in Table 10.1, La promotion resulted in strong Ni oxidation during the
exposure to both CO2 and CO».+H> mixture. For Ni40 catalysts only 0.6% of Ni has
undergone oxidation to NiO after treatment with CO>, while for the La-promoted catalyst
almost 40% of Ni was found to be oxidized to NiO. The addition of H, to CO. flow
resulted in a decrease in fraction of NiO to 19% for Ni40La2, while Ni40 catalyst showed

no oxidized Ni under the same conditions.

ctc-XES

The KB (3p — 1s) emission has a high chemical sensitivity originating from the
interaction between the unpaired 3p and 3d electron spins, which leads to the arise of K3
features — KB’ and Kp13, which may provide information on local spin moment [231].
The variation in the local spin moment originate from a change in the metal oxidation
state, the covalency degree or a spin configuration transition [232-234]. The K emission
spectroscopy was used as a supplementary technique to X-ray absorption spectroscopy in
order to follow the changes of nickel state at various conditions and compare the results
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with the LCF analysis of XANES spectra. In Figure 10.5 the spectra of both catalysts
recorded during operando experiments under various conditions (Hz, CO2 or CO.+H>) are
presented together with those for nickel foil and nickel oxide used as reference samples.
The spectra of the catalysts recorded at various conditions are between the ones of NiO
and Ni foil, which indicates changes of the spin state, which may be connected with the
changes in the oxidation state. The integrated absolute difference (IAD) method was
applied to quantitatively present the fractions of two phases. IAD analysis considers the
value of absolute difference between material’s spectrum and the reference spectrum, and
was described by Vanko et al. [235, 236]. The appropriate calcined samples Ni40 and
Ni40La2 were used as reference for the respective catalyst groups. Figure 10.6 compares
the fraction of NiO phase calculated by IAD analysis with the results obtained with the
linear combination fitting (LCF) analysis of XANES measurements. The results of these
two methods followed the same trend, though differed in values of NiO content,
especially for Ni40La2 catalyst under CO, atmosphere. This may have arisen from
different sensivity of both methods. XANES spectroscopy is very sensitive to the local
chemical state of the probed element, which allows to distinguish between similar
compounds. Kf X-ray emission spectroscopy in comparison to XANES probes global
chemical environment, which leads to almost similar spectra for compounds that have the

same spin state.
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Figure 10.5 Ni Kp core-to-core XES spectra of both catalysts under various conditions together

with NiO and Ni foil as standards.
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Figure 10.6 NiO fraction for both studied catalysts under (i) CO and (ii) CO2+H; treatments
analyzed using LCF and IAD methods; the spectra of calcined materials were used as
reference for the Integrated Absoluted Different analysis [237].

vtc-XES

To get an insight of atoms surrounding Ni, vtc-XES was applied, as this technique
may distinguish ligands with similar atomic number [238]. The KB” and Kf25 features
originate from the electron transition between filled ligand orbitals and 1s core hole. The
Ni environment was studied using vtc-XES at similar preparation steps and in-situ
conditions as for the previously mentioned techniques. The spectra of calcined Ni40 and
Ni40La2 are similar to the spectrum of NiO (cp. Figure 10.7), with two intense peaks of

K25 at ca. 8326 and ca. 8331 ¢V, and a broad Kf” feature at lower energies.
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After the reduction of the materials the NiO nanoparticles (present in calcined
materials) were converted into nano-metallic Ni species, which finds confirmation in the
merge of the K25 features into one peak at ca. 8329 eV and almost total disappearance
of KB signal, similar as for Ni foil. The introduction of CO; flow after reduction changed
significantly the XES spectra. The decrease in intensity, which was a result of change of
nickel oxidation state, of the peak at ca. 8329eV and the appearance of the peak at ca.
8326eV suggest the coverage of surface of Ni present in Ni40 by oxygen atoms after
introduction of CO». On the other hand, the shape of vtc-XES spectrum obtained after
CO; treatment of La-promoted sample (Ni40La2 CO>) suggests that deep oxidation of
Ni° species took place, resulting in formation of NiO nanoparticles. After the introduction
of CO2+H2 mixture oxidized Ni species turned back totally to the metallic phase for Ni40
CO,+Hj catalysts while the formation of mixed Ni2*/Ni° nanoparticles were registered on
the surface of Ni40La2 (CO2+H>). This indicates that the introduction of La increased
significantly the CO. chemisorption on the Ni particles. According to literature [79, 239,
240] CO2 undergoes dissociative adsorption in the methanation process to adsorbed CO
and atomic O species, followed by further dissociation of CO to a C intermediate.
However, the results show the domination of CO. adsorption and that adsorbed C and

CHx species were not observed using XES technique.
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Figure 10.7 Ni Kp vtc-XES spectra evolution of both catalysts under various conditions.

Conclusions

The promoting role of lanthanum was studied by operando HERFD-XANES,
valence-to-core XES and core-to-core XES. The XANES experiments under various
conditions revealed that La present in Ni-containing hydrotalcites influenced significantly
the oxidation state of nickel under various conditions. Due to increased CO>
chemisorption nickel was oxidized more easily in the La-promoted catalyst. On the other
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hand, in case of the unpromoted catalyst only a small fraction of Ni was transformed from

metallic to oxide state.

Integrated Absolute Difference (IAD) analysis, which was performed for the Kf(8
mainline allowed to determine the content of Ni oxide under various conditions and

confirmed the possibility of using this analysis for in-situ experiments.

The results of vtc-XES point that the CO2 adsorption step is not a limiting step in CO»
methanation process. However, the formation of adsorbed C and CHx could not be

observed under the conditions applied in the experiments.
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11. General conclusions

The research presented in this PhD Thesis was focused on the application of
hydrotalcite-derived catalysts for CO2 methanation reaction as one of the prospective
methods of chemical utilization of CO». The literature analysis concerning the utilization
of carbon dioxide presented in Chapter 3 proves that CO2 methanation may become an
important process for the storage of excess energy in the form of methane.

As presented in Chapter 4, a wide range of different materials has been studied as
catalysts for CO2 methanation. Currently the most intensive studies are focused on Ni-
based materials supported on single oxides e.g. Al.O3, MgO, SiO2, TiO2, mixed oxides
e.g. Al,O3-MgO, Ce0O,-ZrO3, zeolites etc. Ni-supported catalysts proved to be effective
in this reaction. Some of properties of such materials affect positively the catalytic
performance, e.g. increased basicity, which is a crucial factor in CO> activation, or the
formation of small Ni° crystallites, which facilitate the hydrogenation reaction. Mixed
oxides of alumina and magnesia possess these beneficial properties.

Hydrotalcite materials proved to be an appropriate precursor to give materials with
desired properties for CO, methanation such as relatively high specific surface area, high
basicity and homogeneous distribution of nickel. Additionally, the composition of such
materials may be strictly controlled at the synthesis stage and it was also proven that they
can be modified after the synthesis through e.g. adsorption method. However, the amount
of studies regarding such materials as catalysts for CO, methanation reaction is limited.
Thus, the aim of presented studies was focused on the preparation of Ni/Mg/Al
hydrotalcites-like materials with different amounts of introduced nickel and to study the
promoting effect of Fe and La introduction.

The prepared materials were characterized by X-ray flurorescence (XRF) or

Inductively Coupled Plasma Mass Spectroscopy (ICP-MS), low temperature N2 sorption,
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X-ray diffraction (XRD), temperature-programmed reduction (H.-TPR) and temperature-
programmed desorption (CO2-TPD). The catalysts were tested in CO> methanation
reaction. The optimized catalysts (Chapter 9) were also characterized using transmission
electron microscopy (TEM). The promoting effect of lanthanum was studied using in-situ
X-ray absorption near edge structure spectroscopy and X-ray emission spectroscopy.

The research was divided into four main parts: (i) the investigation of the effect of
nickel content on physicochemical properties and catalytic performance in CO:
methanation, (ii) the effect of iron or lanthanum introduction on the catalytic properties
of nickel-containing hydrotalcites (iii) investigation of the effect of lanthanum
incorporation method on catalytic properties of Ni-HTs, and (iv) elucidation of the role
of promotion of Ni-hydrotalcites with lanthanum in CO. methanation, using in-situ
XANES and XES techniques.

The following conclusions may be drawn from the physico-chemical

characterization of the materials:

- XRD analysis of the as-synthesized materials confirmed successful synthesis
of hydrotalcite-like materials. No separate phase of Ni and Fe species were
found in the diffractograms suggesting successful incorporation of these
elements into the structure. Only for lanthanum-promoted samples additional
phases of La,0>.CO3 and La>Oz were registered.

- FTIR spectra confirmed the presence of La(EDTA) species in the materials
modified using adsorption method,

- XRD analysis of the calcined materials showed that the layered structure was
destroyed and Mg(Ni,A)O and Mg(Ni,Fe,Al)O mixed nano-oxides with

periclase-like structure were formed,
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- Elemental analysis of the HT-derived materials proved that the desired
compositions of mixed oxides were obtained, confirming that the preparation
of such materials may be strictly controlled,

- H>-TPR profiles of calcined materials showed that nickel introduced into the
structure of HT-derived material interacts strongly with the support. The
temperature of NiO reduction was above 600°C, and was strongly dependent
on the amount of introduced nickel, as well as the addition of Fe or La,

- XRD analysis of the reduced materials revealed a separate phase of metallic
nickel, and thus successful reduction of NiO, with crystallite size dependent
on the amount of introduced nickel, as well as the introduction of promoter,

- CO.-TPD profiles obtained for all reduced materials showed the presence of
three types of basic sites: (i) weak Bronsted basic sites — surface OH groups,
(if) medium-strength Lewis M-O pairs and (iii) strong basic sites related to
low coordinated O% anions. The total number of basic sites and their
distribution was strongly dependent on both the amount of introduced nickel

and the introduction of promoters.

The dependence of catalytic pefromance on the nickel content was studied for the
materials materials containing 5, 10, 15, 25, 30 and 40 wt.% of Ni (fresh samples). These
materials were evaluated in CO2 methanation at the temperature range from 250 to 450°C.

From these experiments the following conclusions may be drawn:

- The CO; conversion at 250°C increased with the increasing content of nickel.
For the most active catalyst the conversion reached almost the thermodynamic
equilibrium at 350°C. No differences were observed in the CO2 conversion

between all catalysts at 450°C, all of them showing values corresponding to
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thermodynamic equilibrium. The higher activity of the catalysts with higher
nickel content could be correlated with the increasing number of basic sites,
especially those of medium-strength,

The selectivity towards methane at 250°C was ranging from 99 to 99.9% for
all catalysts except Ni5 (CHg selectivity of 97%). With increasing temperature
CHa selectivity decreased, in good agreement with the thermodynamic
predictions.

The 24h-tests carried out for the worst and best catalyst (Ni5 and Ni40,
respectively) proved that the CO> conversion remained stable,

The XRD characterization of the catalysts after reaction showed no reflections

arising from graphite,

The effect of Fe or La promoter introduction was investigated by the promotion

of the material containing 15 wt.% of Ni (fresh samples) introduced into the brucite-

like layers. Fe species were introduced, as confirmed by XRD, into the brucite-like

layers of hydrotalcite-like materials at the co-precipitation stage. Lanthanum species

added during the co-precipitation were present as a separate phase of La;0>CO3 and

La,O3. Alternative ways of La promotion studied were wet impregnation or

adsorption from the solution of La(EDTA)".

The conclusions from this part of the studies are:

Promotion with Fe influenced the properties of the materials, such as the
number of basic sites and their distribution, texture, reducibility and the size
of metallic nickel crystallites. The influence on these parameters was strongly
dependent on the amount of introduced Fe (1, 2 and 4 wt.% for the fresh

materials),
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The introduction of low amounts of Fe (1 or 2 wt.%) effectively increased the
activity in CO2 methanation at 250°C, while the introduction of 4 wt.% of Fe
resulted in decreased activity in comparison to the unpromoted catalyst
(Ni15). The decreased activity may be explained by the drastic decrease in
specific surface area and, as suggested by H>-TPR, a partial coverage of the
catalysts surface with iron species. Additionally, XRD analysis of reduced
materials suggests the formation of Ni-Fe alloy, which may also explain the
decrease in activity,

The metallic nickel crystallite sizes for the reduced materials decreased after
the introduction of 1 wt.% of Fe and increased for the materials containing 2
and 4 wt.% of Fe. XRD analysis of catalysts after the reaction showed no
reflections arising from carbon.

The introduction of lanthanum by co-precipitation method resulted in
somewhat increased reducibility, and affected strongly CO: adsorption
capacity of the catalysts. In case of the materials promoted with small amount
of La (1 wt.%) a partial blockage of existing basic sites was observed. On the
other hand, 2 and 4 wt.% La promotion resulted in the increased number of
new basic sites, especially those of medium-strength, which may explain the
increased activity in CO> methanation reaction,

The comparison of the catalysts promoted with La on the co-precipitation
stage with those obtained using impregnation and adsorption methods showed
the crucial importance of the choice of preparation technique. The application
of impregnation method resulted in a partial blockage of the catalysts surface,
resulting in the decreased number of basic sites and lower specific surface area

in comparison to the unpromoted catalyst, while adsorption method led to
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a significantly higher number of basic sites, especially those of medium-
strength. The latter may be correlated with the enhanced activity of these
catalysts in CO2 methanation at 250°C. The highest CO2 conversion was
found for the catalysts promoted with the lowest amount of La using
adsorption method. CO, methanation activity decreased somewhat with the

increasing content of La.

In order to optimize the catalytic properties of Ni-containing hydrotalcite, the Ni-

catalyst that showed the best CO. conversion (Ni40) was promoted with 2 wt.% of La

using co-precipitation method. The general conclusions on physicochemical properties —

structure, texture, reducibility and basicity could be confirmed. The catalytic performance

of Ni40 could be additionally improved by 2wt.% La promotion, reaching equilibrium

conversion values already at 250°C. The role of La promotion was investigated by

operando XAS and XES.
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The conclusions from this part of the studies are:

Operando XANES studies revealed that La introduction influenced strongly
the nickel state under various conditions. In the presence of La, nickel
underwent oxidation due to the increased CO> chemisorption, while for the
unpromoted Ni-containing sample only a small fraction of metallic nickel was
transformed into oxide state.

Valence-to-core X-ray emission spectroscopy measurements suggest that
carbon dioxide adsorption is not the limiting step in the CO, methanation
mechanism. However, the formation of Cgds) and CHxds) could not be

observed.
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Summarizing the results presented in the PhD thesis, it was proven that the catalytic

properties of Ni-containing HT-derived catalysts can be tailored by:

- appropriate nickel content in the brucite-like layers of hydrotalcites,
- introduction of promoter Fe or La, and

- appropriate method of promoter introduction.

The obtained catalysts exhibited very good catalytic properties in the CO:
methanation process. Higher nickel contents and the introduction of Fe or La as promoters
effectively increased the activity. As derived from the 24h tests for the selected catalysts

their stability was high and no carbon formation was found.
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Summary

Summary

The increasing concentration of CO> in the atmosphere, which is considered to be one of
the anthropogenic sources of global warming, increased concerns and social awareness
about the climate change. The strategies for CO2 emissions reduction may be divided into
(i) carbon capture and storage (CCS) and (ii) carbon capture and utilization (CCU)
groups. In comparison to CCS, the CCU technologies allow to convert carbon dioxide
into a valuable product. Thus, CCU methods are treating CO> as raw material and not as
pollutant. Among the processes that convert CO; into a valuable compound is carbon
dioxide methanation. In this process carbon dioxide is hydrogenated to methane with
hydrogen supplied via water electrolysis using e.g. excess energy. It should be mentioned

that some industrial scale installation already exists (up to 10MW).

The literature study suggests that the most appropriate active metal in this process
is nickel due to (i) very good catalytic activity (comparable to noble metals), (ii) low cost
and (iii) availability. As reported in literature, different strategies were implemented in
order to increase the activity of Ni-based catalysts in CO2 methanation. The most common
ones include using various supports, changing the content of nickel or introduction of
promoters. These strategies change the physicochemical properties, such as interaction of
nickel active phase with the support, which inhibits sintering and increases the CO:
adsorption capacity. The latter property , as well as stability towards sintering, are crucial
in order to obtain an active, selective and stable catalyst for CO, methanation reaction.
The application of mixed oxides of magnesia and alumina allows to introduce these
properties, as MgO possesses basic character and is strongly bonded with NiO due to the

formation of a solid solution of NiO-MgO.
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Hydrotalcites seem to be the highly promising materials for such application,
because NiO, MgO and Al>Oz may be easily introduced into such materials. Literature
studies confirmed that Ni-containing hydrotalcites are very active in CO2 methanation.
Therefore, the goal of this PhD thesis was to evaluate the catalytic properties of Ni-
containing hydrotalcite-derived mixed oxide materials in CO, methanation. As the
literature review showed that there are not many studies focused on such materials in the
mentioned field, this work was focused on filling these gaps. The work was divided into
four parts: (i) evaluation of catalytic properties of hydrotalcites containing various
amounts of nickel in brucite-like layers, (ii) evaluation of catalytic properties of nickel-
containing hydrotalcites promoted with Fe or La, (iii) evaluation of the effect of different
methods of introduction of La on catalytic properties of Ni-hydrotalcites, and (iv)
optimization of the catalysts and examination of promoting effect of La. In order to
correlate the changes of physico-chemical properties, of the materials prepared by co-
precipitation, the catalysts were characterized by means of elemental analysis (ICP-MS
or XRF), XRD, FTIR, low temperature nitrogen sorption, H>-TPR and CO2-TPD.
Additionally, selected catalysts were characterized using TEM, XANES and XES. The
catalytic tests were carried out in the temperature range from 250°C to 450°C. In order to
elucidate the promoting effect of lanthanum introduction operando XANES and XES

under various reaction conditions were implemented.

The effect of nickel content was evaluated by the comparison of the physico-
chemical properties and catalytic activity of hydrotalcites containing 5, 10, 15, 25, 30 and
40 wt.% of Ni (fresh) prepared by co-precipitation in a solution of Na,COs. The
characterization of the so-prepared materials confirmed that hydrotalcite-like materials
were successfully synthesized. Calcination and reduction temperature was chosen basing

on XRD and TPR-H; studies. The highest catalytic activity in CO2 methanation was
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found for the Ni40 catalyst, which showed CO; conversion of ca. 88% at 250°C.The
higher activity was attributed to increased reducibility and much higher CO2 adsorption

capacity in comparison to samples containing lower amounts of Ni.

The influence of promoters introduction was evaluated by the preparation of Ni-
containing (15 wt.% - fresh) materials promoted with Fe or La (1, 2 or 4 wt.%), at the
stage of co-precipitation. It was proven that iron was successfully incorporated into the
brucite-like layers, while lanthanum was deposited on the surface of the material as a
separate phase. The introduction of iron or lanthanum increased the reducibility of
material. However, the incorporation of higher amounts of Fe resulted in increased
metallic nickel crystallite size, while the incorporation of La decreased somewhat the
particle size. In general, the incorporation of the promoters, 1wt.% of Fe and 2wt.% of
La, resulted in increased CO> adsorption capacity, which positively influenced the
catalytic performance of the catalysts. The increased activity in CO> methanation was
attributed to the increased reducibility and enhanced CO> adsorption capacity. Especially
the number of medium-strength basic sites was positively influenced. The 24h tests

proved that the catalysts remained stable.

Additionally, the influence of three lanthanum incorporation methods were
studied: co-precipitation, adsorption from La(EDTA) solution and impregnation. It was
found that the introduction of lanthanum using impregnation method led to decreased
CO; adsorption capacity through partial blockage of the existing basic sites, which
negatively influenced the performance of the catalyst. However, the introduction of La
using adsorption method (1wt.% of La) led to a significant increase in the number of

moderate basic sites, which had a positive effect on the catalytic performance. However,
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the incorporation of 2 and 4 wt.% of La using this technique did not further influence the

catalytic activity. The 24h tests proved that the catalysts remained stable.

Additionally, the most active nickel-containing catalyst Ni40 was promoted with
2wt.% of La in order to optimize the catalytic properties. The optimized catalyst Ni40La2
and Ni40 were examined using operando XANES and XES techniques. XANES studies
revealed that lanthanum strongly influenced the oxidation state of nickel under various
reaction conditions, which resulted in enhanced CO2 chemisorption. The Intergrated
Absolute Difference method employed for for the analysis of Kf line was found to be an
appropriate method to determine the Ni oxidation state in in-situ reactions. The results of
vic XES measurements suggests that the adsorption of CO2 is not the rate determining

step of methanation reaction.

The best catalytic performance, in comparison to all studied materials, was found
for the Ni-containing HT-derived catalysts promoted with 1 wt.% of La introduced using

the adsorption method.
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Rosngca koncentracja CO2 w atmosferze, ktory jest uwazana za jedno z
antropogenicznych zrédet globalnego ocieplenia, zwickszyla obawy 1 $§wiadomosé¢
spoleczng na temat zachodzacych zmian klimatycznych. Strategie redukcji emisji CO>
mozna podzieli¢ na dwie grupy: (i) wychwytywanie i sktadowanie (Carbon Capture and
Storage — CCS) oraz wychwytywanie i chemiczna utylizacja ditlenku wegla (Carbon
Capture and Utilization — CCU). W przeciwienstwie do CCS, technologie CCU
umozliwiajg przeksztatcenie ditlenku wegla w wartosciowy produkt. Do procesow
przeksztatcajacych CO2 w cenne zwiazki zalicza si¢ metanizacj¢ ditlenku wegla. W
procesie tym ditlenek wegla uwodarniany jest do metanu za pomoca wodoru
dostarczanego do procesu przez elektrolize wody, do ktdrej mozna uzy¢ np. nadmiarowej
energii ze zrodet odnawialnych. Nalezy zaznaczy¢, ze istniejg juz instalacje przemystowe

0 mocy do 10MW.

Badania literaturowe sugeruja, ze najodpowiedniejszym metalem aktywnym w
tym procesie jest nikiel ze wzgledu na: (i) bardzo dobrg aktywnos$¢ katalityczng
(porownywalng z metalami szlachetnymi), (i1) niski koszt oraz (ii1) ogdlna dostepnosc.
W literaturze zaproponowano rozne strategie majace na celu zwigkszenie aktywnosci
katalizatorow niklowych w metanizacji CO2. Najczestsze z nich to zastosowanie roznych
nos$nikdéw, zmiana zawartosci niklu lub wprowadzenie promotorow. Odpowiedni dobor
strategii pozwala na zmian¢ wiasciwosci fizykochemicznych, takich jak oddziatywanie
pomiedzy faza aktywna niklu a no$nikiem, co skutkuje spowolnieniem lub wykluczeniem
procesu spiekania, oraz zwigkszong zdolnoscig adsorpcji CO2. Obie wlasciwosci maja
kluczowe znaczenie dla uzyskania aktywnego, selektywnego i stabilnego katalizatora
reakcji metanizacji CO,. Zastosowanie mieszanych tlenkdw magnezu i glinu pozwala na

wprowadzenie tych wiasciwosci do katalizatora, poniewaz MgO wykazuje charakter
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zasadowy, i roéwnoczesnie jest silnie zwigzany z NiO na skutek tworzenia statego

roztworu NiO-MgO.

Hydrotalkity sa obiecujacymi materiatami do zastosowania jako katalizatory
reakcji metanizacji CO2 ze wzgledu na tatwos¢ wprowadzenia NiO, MgO oraz Al>O3 do
struktury. Badania literaturowe potwierdzily, ze hydrotalkity zawierajace nikiel sg bardzo
aktywne w tej reakcji. Z tego wzgledu celem moich badan byta ocena wlasciwosci
katalitycznych materialow hydrotalkitowych zawierajacych nikiel w reakcji metanizacji.
Poniewaz przeglad literaturowy wykazal niewielka ilo$¢ opracowan poswieconych
hydrotalkitom niklowym jako katalizatorom do tej reakcji, moje badania skupity si¢ na
wypetnieniu szeregu luk. Przeprowadzone przeze mnie badania mozna podzieli¢ na 4
cze$ci: (a) ocena wlasciwosci katalitycznych hydrotalkitoéw zawierajacych rozne ilosci
niklu w warstwach brucytowych, (b) poprawa wlasciwosci katalitycznych hydrotalkitow
niklowych poprzez promowanie zelazem lub lantanem, (¢) ocena wplywu metody
wprowadzenia lantanu na wiasciwosci katalityczne hydrotalkitow niklowych oraz (d)
optymalizacja katalizatorow niklowo-lantanowych i badanie roli lantanu jako promotora.
W celu skorelowania zmian wlasciwosci fizykochemicznych materiatdw otrzymanych za
pomoca metody wspotstracania, otrzymane katalizatory scharakteryzowalem za pomoca
analizy elementarnej (XRF lub ICP-MS), dyfrakcji promieni rentgenowskich (XRD),
niskotemperaturowej sorpcji azotu, termoprogramowanej redukcji wodorem (H2-TPR)
oraz termoprogramowanej desorpcji CO2 (CO.-TPD). Dodatkowo zoptymalizowane
katalizatory zostaly zbadane za pomocg transmisyjnej mikroskopii elektronowej (TEM),
oraz rentgenowskiej spektroskopii absorpcyjnej i emisyjnej. Testy katalityczne w reakcji
metanizacji CO; prowadzone byly w zakresie temperatur od 250 do 450°C na

katalizatorach zredukowanych in-situ w 900°C w przeptywie 100 ml/min 10%H2/Ar. W
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celu wyjasnienia promujacego efektu lantanu, katalizatory przebadane za pomoca

operando XANES oraz XES w dynamicznych warunkach reakcji.

W  celu okreslenia efektu zawarto$ci niklu poréwnatem wlasciwosci
fizykochemiczne oraz aktywnos$¢ katalityczng hydrotalkitow zawierajacych 5, 10, 15, 25,
30 lub 40%wag. niklu (materiaty $wieze), ktore otrzymatem za pomoca metody
wspoOlstracania  przy statym pH. Charakterastyka otrzymanych katalizatorow
potwierdzita, ze otrzymane materialy maja strukture podobng do hydrotalkitow.
Temperatury kalcynacji oraz redukcji zostaty dobrane na podstawie wynikéw XRD oraz
H2-TPR. Najwyzsza aktywno$¢ katalityczng w reakcji metanizacji, ze stopniem
konwersji CO2 rownym 88% w 250°C, wykazat katalizator zawierajacy 40%wag. Ni.
Wazrost aktywno$ci mozna powigza¢ ze zwigkszong redukowalnoscig oraz ze znacznym
zwigkszeniem zdolnosci adsorpcji CO2 w poréwnaniu do materiatdw zawierajacych

mniejsze ilosci Ni.

W  celu okreslenia wpltywu promotoréw na wlasciwosci katalityczne
hydrotalkitow niklowych, do materiatu zawierajacego 15%wag. Ni wprowadzitem za
pomoca metody wspotstracania zelazo (1, 2 lub 4%wag.) lub lantan (1, 2 lub 4%wag.).
Charakterystyka otrzymanych materialdow potwierdzita wprowadzenie zelaza do
struktury hydrotalkitowej, podczas gdy lantan zostal osadzony na powierzchni materiatu
jako oddzielna faza. Wprowadzenie zelaza lub lantanu zwigkszyto redukowalno$é
materialow. Rownoczesnie wprowadzenie wigkszych ilosci zelaza (2 oraz 4%wag.)
skutkowato zwickszeniem wielkosci krystalitow metalicznego niklu, podczas gdy
wprowadzenie lantanu zmniejszyto nieco rozmiar krystalitow Ni° Wprowadzenie
1%wag. Fe oraz 2 1 4 %wag. La spowodowato zwigkszenie zdolnosci adsorpcji CO2, co

pozytywnie wptyneto na aktywnos¢ katalityczng. Zwigkszong aktywno$¢ w metanizacji
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CO2 przypisatem zwigkszonej redukowalno$ci oraz zwigkszonej zdolnosci adsorpcji

COg, a w szczegdlnosci zwigkszonej liczbie centréw zasadowych sredniej mocy.

Dodatkowo ocenitem wptyw trzech r6znych metod wprowadzenia lantanu, takich
jak wspotstracanie (najaktywniejsza probka z badan wymienionych wyzej — zawierajaca
2%wag. La), adsorpcji z roztworu La(EDTA)" oraz impregnacji. Wprowadzenie lantanu
za pomoca metody impregnacji spowodowato zmniejszenie zdolnosci adsorpcji CO2
poprzez czgsciowe zablokowanie juz istniejacych centrow zasadowych, co negatywnie
wptyneto na wilasciwosci katalityczne. Natomiast wprowadzenie lantanu za pomoca
metody adsorpcji (1%wag. La) spowodowalto znaczny wzrost ilosci centréw zasadowych

sredniej mocy, co miato pozytywny wptyw na wydajnos¢ katalityczng.

Przeprowadzilem ponadto optymalizacje skladu katalizatora, promujac
najbardziej aktywny katalizator niklowy Ni40 2%wag. lantanu. Dla zoptymalizowanego
katalizatora oraz najlepszej niepromowanej probki Ni40 przeprowadzitem badania
operando spektroskopii emisyjnej oraz absorpcyjnej promieniowania X. Badania XANES
wykazaty, ze wprowadzenie lantanu miato silny wptyw na stopien utlenienia niklu w
badanych prébkach w dynamicznych warunkach reakcji, co wigzato si¢ ze zwigkszong
chemisorpcja CO.. Wykazatem, ze metoda analizy réznic bezwzglednych (IAD —
Integrated Absolute Difference) dla linii glownych KP nadaje si¢ do okreslenia
zawartosci tlenku niklu w réznych warunkach reakcji in-situ. Wyniki pomiarow
emisyjnej spektroskopii typu valence-to-core sugerujg ponadto, iz adsorpcja ditlenku

wegla nie jest etapem ograniczajagcym metanizacje COo.
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L’augmentation de la concentration de CO2 dans I'atmosphere, considérée comme
I'une des sources anthropiques du réchauffement de la planéte, suscite de plus en plus
d'inquié¢tudes et une prise de conscience sociale face au changement climatique. Les
stratégies de réduction des émissions de CO2 peuvent étre divisées en deux groupes (i)
capture et stockage du carbone (CCS) et (ii) capture et utilisation du carbone (CCU). En
comparaison avec le CCS, les technologies CCU permettent de convertir le dioxyde de
carbone en un produit valorisé. Ainsi, les méthodes CCU traitent le CO> en tant que
matiére premiére et non en tant que polluant. Parmi les processus convertissant le COz en
un compos¢ valorisé, on trouve la méthanation du dioxyde de carbone. Dans ce processus,
le dioxyde de carbone est hydrogéné en méthane a I’aide de I'hydrogene provenant de
I’¢lectrolyse de l'eau en utilisant par exemple des exces d'énergie. Il convient de

mentionner qu’une installation a 1’échelle industrielle existe déja (jusqu’a 10 MW).

La littérature suggere que le nickel est le métal actif le plus approprié dans ce
procédé en raison de (i) sa trés bonne activité catalytique (comparable aux métaux
nobles), (i1) un faible colt et (ii1) une grande disponibilité. Dans la littérature, différentes
stratégies ont déja été mises en ceuvre afin d'accroitre 'activité des catalyseurs a base de
Ni lors de la méthanation du CO2. Les plus courants incluent I'utilisation de divers
supports, la modification de la teneur en nickel ou I’introduction de promoteurs. De telles
stratégies modifient les propriétés physicochimiques telles que l'interaction entre la phase
active au nickel et le support, ce qui inhibe le frittage et augmente la capacité d'adsorption
du COa. Ces deux propriétés sont essentielles afin d’obtenir un catalyseur a la fois actif
et sélectif pour la méthanation du CO». L’application d’oxydes mixtes de magnésie et
d’alumine permet d’introduire ces propriétés car le MgO possede un caractére basique et

est fortement 1i¢ au NiO en raison de la formation d’une solution solide de NiO-MgO.
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Les hydrotalcites semblent étre les matériaux les plus prometteurs pour une telle
application car NiO, MgO et Al,O3 peuvent étre facilement introduits dans ceux-ci. La
littérature a confirmé que les hydrotalcites contenant du Ni sont trés actifs dans cette
réaction. L'objectif de cette thése était donc d'évaluer les propriétés catalytiques d'oxydes
mixtes dérivés d'hydrotalcite contenant du Ni lors de la méthanation du CO.. Comme la
revue de littérature a montré qu'il y avait peu d'études sur de tels matériaux pour cette
réaction, ces travaux ont servi a combler ces lacunes. Ces travaux peuvent étre divisé en
quatre parties : (i) évaluation des propriétés catalytiques d’hydrotalcites contenant
diverses quantités de nickel dans des couches de type brucite, (ii) évaluation des
propriétés catalytiques d’hydrotalcites contenant du nickel activées a 1'aide de Fe ou de
La, (ii1) évaluation de l'effet de la méthode d'introduction de La sur les propriétés
catalytiques des Ni-hydrotalcites et (iv) optimisation des catalyseurs et examen de I'effet
promoteur de La. Afin de corréler les modifications des propriétés physico-chimiques des
matériaux préparés par co-précipitation, les catalyseurs ont €té caractérisés par analyse
¢lémentaire (ICP-MS ou XRF), DRX, IRTF, sorption de 1’azote a basse température, Ho-
TPR et CO2-TPD. De plus, les catalyseurs sélectionnés ont été caractérisés par TEM,
XANES et XES. Les tests catalytiques ont été effectués dans une plage de températures
allant de 250°C a 450°C. Afin d'examiner l'effet de promotion de l'introduction du
lanthane, les méthodes XANES et XES dans diverses conditions de réaction ont été mises

€n ccuvre.

L’effet de la teneur en nickel a été évalué en comparant les propriétés physico-
chimiques et 1’activité catalytique d’hydrotalcites contenant 5, 10, 15, 25, 30 et 40% en
poids de Ni (frais) préparées par co-précipitation dans une solution de Na>COs. La
caractérisation des matériaux préparés a confirmé la synthése réussie de matériaux

analogues a I'hydrotalcite. L’activité catalytique la plus élevée lors de la méthanation du
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CO2 a été constatée pour le catalyseur Ni40, qui a montré une conversion du CO:
d’environ. 88% a 250°C. L’activité plus élevée a été attribuée a une réductibilité accrue
et a une capacité d’adsorption de CO> bien supérieure a celle des échantillons contenant

de plus faibles quantités de Ni.

L'influence de l'introduction de promoteurs a été évaluée par la préparation de
matériaux contenant du Ni (15% en poids - frais), activés avec du Fe ou du La (1,2 ou
4% en poids) par co-précipitation. Il a été prouvé que le fer était incorporé avec succés
dans les couches de type brucite, tandis que le lanthane était déposé a la surface du
matériau en tant que phase séparée. L'introduction de fer ou de lanthane a augmenté la
réductibilité du matériau. Cependant, l'incorporation de quantités plus élevées de Fe
entrainait une augmentation de la taille des cristallites de nickel métallique, tandis que
I'incorporation de La diminuait quelque peu la taille des particules. En général,
I’incorporation des promoteurs, 1% en poids de Fe et 2% en poids de La, a eu pour effet
d’augmenter la capacité d’adsorption du CO>, ce qui a eu une influence positive sur les
performances catalytiques des catalyseurs. L’activité accrue lors de la méthanisation du
CO; a été attribuée a la fois a une réductibilité et une capacité accrues d’adsorption du
COz, en particulier un nombre plus élevé de sites basiques de force moyenne. Les tests

sur 24h ont prouvé que ces catalyseurs sont restés stables.

En outre, I’influence de trois méthodes d’incorporation du lanthane a été étudi¢e
. CO-précipitation, adsorption a partir de solution La (EDTA) et imprégnation. Il a été
constaté que I’introduction du lanthane par la méthode d’imprégnation avait entrainé une
diminution de la capacité d’adsorption du CO> due au blocage partiel des sites basiques
existants, ce qui influait négativement sur les performances du catalyseur. Cependant,

l'introduction de La en utilisant la méthode d'adsorption (1% en poids de La) a entrainé
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une augmentation significative du nombre de sites basiques modérés, ce qui a eu un effet
positif sur les performances catalytiques. Cependant, I'incorporation de 2 et 4% en poids
de La en utilisant cette technique n'influait pas de plus sur l'activité catalytique. Les tests

de 24 heures ont prouvé que les catalyseurs restaient stables.

En outre, le catalyseur le plus actif contenant du nickel Ni40 a été activé avec 2%
en poids de La afin d'optimiser ses propriétés catalytiques. Les catalyseurs optimisés
Ni40La2 et Ni40 ont été examinés en utilisant les techniques XANES et XES. Les études
XANES ont révélé que le lanthane avait une forte influence sur 1'état d'oxydation du
nickel dans diverses conditions de réaction, ce qui était 1'effet de la chimisorption accrue
du CO,. La méthode de la Différence Absolue Intégrée utilisée pour Kf s'est révélée étre
une méthode appropriée pour déterminer I'état d'oxydation du nickel dans les réactions in
situ. Les résultats des mesures vtc-XES suggerent que ’adsorption du CO2 n’est pas

I’étape déterminante de la vitesse de la réaction de méthanation.

Les meilleures performances catalytiques, par rapport a tous les matériaux étudiés,
ont été observées pour les catalyseurs dérivés d’Hydrotalcites contenant du Ni et activés

avec 1% en poids de La introduit par la méthode d'adsorption.
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Figure A2 XRD patterns of as-synthesized hydrotalcite-like materials
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Figure A3 XRD patterns of hydrotalcite-derived mixed oxides obtained upon thermal
treatment
686
Ni40
S
s
P
2
3 676
=
Ni40La2
L | L | L | L | L | L 1 L | !
100 200 300 400 500 600 700 800 900

Temperature [°C]

Figure A4 H,-TPR profiles of the calcined materials
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Figure A6 CO,-TPD profiles of the reduced materials
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