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“Remember that all models are wrong;

the practical question is

how wrong do they have to be,

to not be useful.”

(George E. P. Box, 1987)
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Abstract

Power-to-Gas technology is leading the transition to a zero emissions scenario, introducing
as a valid option for CO2 utilization its hydrogenation to create methane, a very well known
fuel that already has well-developed infrastructures all over the world through which it
can transported and consumed. Carbon dioxide methanation turns the most deleterious
greenhouse gas present in our atmosphere into a chemical commodity that we can exploit
for our everyday life. Many studies have been conducted and, though the process is for the
most part still at laboratory scale, some commercial-scale plants are active in the world
and for a better realization of the industrial plants of tomorrow there is a strong need for
detailed models describing the kinetic of the process. In this work, after an overview of the
Power-to-Gas field and the analysis of reaction mechanisms and catalysts studied for the
process up to now, a review of kinetic models proposed in literature is performed. The most
interesting ones were then evaluated on our experimental dataset and model modifications
were introduced for a best fitting. Finally, we developed on our own two kinetic models,
that in their final version are able to fit the data very well in all the experimental field. All
the models were divided depending on their ability to describe only CO2 conversion or both
carbon dioxide conversion and CO selectivity.

Keywords Power-to-Gas; Carbon dioxide methanation; Carbon monoxide; Kinetic study;
Sabatier reaction; Reverse water gas shift reaction; Reaction mechanism; Ni/Al2O3;
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Estratto

La tecnologia Power-to-Gas sta guidando la transizione verso uno scenario a emissioni
zero, introducendo come valida opzione per l’utilizzo di CO2 la sua idrogenazione a creare
metano, un combustibile molto noto che ha già infrastrutture ben sviluppate in tutto il
mondo attraverso il quale può essere trasportato e consumato. La metanazione dell’anidride
carbonica trasforma il gas serra più dannoso presente nella nostra atmosfera in un prodotto
chimico che possiamo sfruttare per la nostra vita quotidiana. Sono stati condotti molti studi
e, sebbene il processo sia per la maggior parte ancora su scala di laboratorio, alcuni impianti
su scala commerciale sono attivi nel mondo e per una migliore realizzazione degli impianti
industriali di domani c’è una forte necessità di modelli dettagliati che descrivano la cinetica
del processo. In questo lavoro, dopo una panoramica sul campo Power-to-Gas e l’analisi dei
meccanismi di reazione e dei catalizzatori studiati per il processo fino ad ora, viene eseguita
una revisione dei modelli cinetici proposti in letteratura. I più interessanti sono stati poi
valutati sul nostro dataset sperimentale e sono state introdotte modifiche ai modelli per un
miglior adattamento. Infine, abbiamo sviluppato in proprio due modelli cinetici, che nella
loro versione finale sono in grado di predire molto bene i dati in tutto il campo sperimentale.
Tutti i modelli sono stati divisi in base alla loro capacità di descrivere solo la conversione di
CO2 o sia la conversione dell’anidride carbonica che la selettività a CO.

Parole Chiave Power-to-Gas; Metanazione dell’anidride carbonica; Monossido di carbonio;
Studio cinetico; Reazione di Sabatier; Reazione inversa dello spostamento del gas d’acqua;
Meccanismo di reazione; Ni/Al2O3;

XVII



Thesis Outline

Thesis Outline

Figure 0.1: Thesis Outline.

Chapter 1 provides a general overview of the Power-to-Gas technology, CCUS processes
and green hydrogen production.

Chapter 2 explores the theoretical background of the carbon dioxide methanation reaction,
with an insight on catalyst adopted in the process and reaction mechanisms proposed up to
now.
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Thesis Outline 2

Chapter 3 reviews some of the kinetic models to describe the methanation process up to
now, spacing from power laws to mechanistic comprehensive models.

Chapter 4 describes catalyst preparation, rig layout and how the collection of the experi-
mental dataset was performed.

Chapter 5 reports a detailed analysis and the subsequent application of some of the models
proposed in literature that can only predict CO2 conversion.

Chapter 6 analyzes some of the comprehensive models proposed in literature, that can both
predict CO2 conversion and CO selectivity.

Chapter 7 proposes two kinetic models developed on our own, that can predict both CO2

conversion and CO selectivity.

Chapter 8 shows the application of the models proposed in Chapter 7 on an experimental
dataset collected on a Ru-based catalyst.

Lastly, four appendices are provided to specify some topics whose discussion was not
strictly essential to the exposition of the work. However, they were reported in order to
clarify any concern.

Appendix A includes an accurate description of the calculations required to plot the equi-
librium curves.

Appendix B reports the complete dataset employed to perform the regression of the kinetic
parameters in every different model.

Appendix C contains the complete derivation of the modified Koschany et al. model.

Appendix D contains the complete derivation of the Raco–Vidotto and the Vidotto–Raco
models.





Chapter 1

Power-to-Gas Technology

Nowadays, climate change is a growing concern due to its drastic effects: melting glaciers,
sea level rising, floods are only some of them. One of the main causes of this phenomenon
is now known to be the high concentration of CO2 in the atmosphere, a stable greenhouse
gas that cannot be chemically decomposed in the stratosphere and has one of the highest
radiative forcing. Radiative forcing (RF) is a parameter that quantifies the globally averaged
change in the heat balance of the Earth-atmosphere system due to factors external to the
climate system: its integration over certain time periods, typically 20 or 100 years, from a
unit pulse emission, introduces another parameter, global warming potential (GWP), an
indicator which takes in consideration the lifetime of a species in the atmosphere. CO2, by
definition, has a GWP equal to 1, being the gas used as reference [1]. Many policies and
measures have been taken to confront this problem, such as the Paris Agreement [2] in which
European governments agreed to keep the increase in global temperature strictly below 2℃
with respect to pre-industrial levels, with a particular effort to limit the increase to 1.5℃,
which will likely reduce risks and impacts of climate change.

One of the primary actions to undertake is a strong reduction of CO2 emissions: this
will have deep impacts on the energy sector, which markedly relies on the combustion of
fossil fuels, the main causes of carbon dioxide emissions. Thus, alternate and renewable
energies need to be found and implemented from a technological point of view to match the
demands coming from the energy sector. Up to now, only relying on renewable energies is

4



CHAPTER 1. POWER-TO-GAS TECHNOLOGY 5

not a suitable solution. Indeed, state-of-the-art renewable energies are still unreliable, mainly
because of their discontinuity and low efficiencies: renewable sources are characterized by
strong availability oscillations and to ensure the stability of the electric grid, it is essential
to design technologies to store the energy in excess.
Therefore, a more gradual transition from fossil fuels, on which developing countries still
heavily rely, due to their low $/kWh costs, to renewable energy is necessary, with "temporary"
solutions that can accompany and favor the transition.

As a matter of fact, although renewable energy is currently the fastest-growing source
of energy, its share in the energy sector is expected to increase from the actual 4% to
somewhere around 15% by 2040 [3], escorted by a consistent buildup of natural gas and
a significant drop in the consumption of both oil and coal, the most polluting fossil fuels,
respectively originating 0.85 kgCO2

kWh
and more than 1 kgCO2

kWh
in the process of electricity

production.

Figure 1.1: Future trends in the share of primary energies. [3]

Another target stated in the Paris Agreement is "a balance between anthropogenic emissions

by sources and removals by sinks" [2] in the second half of this century, meaning the achieve-
ment of a net-zero emissions scenario.
To make this scenario possible, in the effort of reducing carbon dioxide emissions, in addition
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to the implementing of renewable energy sources, process optimizations must be considered
and realized. On the other hand, techniques to capture and further use carbon dioxide are
being developed in a field called Carbon Capture Utilization and Storage (CCUS).
The importance of implementing CCUS is becoming more and more urgent: according to the
International Energy Agency this decade of the 21st century is going to be critical to scale
up investments in developing and deploying CCUS, in a journey to the net-zero emission
scenario that will likely be achieved around 2070 [4].
In this sector, we can distinguish three techniques, which are:

• Carbon Capture and Storage (CCS), which includes applications where CO2 is captured
and permanently stored;

• Carbon Capture and Utilization (CCU), which includes operations where CO2 is used,
for example in the production of methane or methanol;

• Carbon Capture, Utilization and Storage (CCUS), which puts together CCS and CCU,
such as in the Enhanced Oil Recovery (EOR) process, operated by oil companies where
carbon dioxide is injected inside an oil field and allows improved efficiencies in the
extraction of crude oil [5];

CCUS is particularly requested in those sectors with hard-to-abate emissions, like the cement
and steel production ones: retrofitting of existing plants is necessary and actions must be
taken in the near future to limit more than ever carbon emissions. Furthermore, with the
economic crisis caused by the Covid-19 pandemic and the consequent fall of oil prices, EOR
technology will not be as a central option in CCUS as it is today.

As shown in Fig.1.2, CO2 is captured from large point sites [6] or directly from the atmosphere,
compressed and transported via pipelines, ship, rail or truck either to a site of storage, where
it can be injected deep underground or into the seabed [7], or to locations where it can
be further employed in the production of synthetic fuels, chemicals, building materials, or
as a raw material for pharmaceutical and food industries. Among all the processes that
involve CO2 conversion, the ones that arouse the greatest interest are those that aim at the
production of fuels and bulk chemicals, commercially established products such as methane,
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Figure 1.2: Representation of CCUS cycle. [4]

methanol and syngas, which can either be used directly as a fuel or as intermediates in the
production of other fuels, such as diesel, gasoline and aviation fuels, or in the synthesis of
chemicals [8]. The intrinsic chemical stability of carbon dioxide makes these processes quite
challenging from a heat management and catalytic point of view, with thorough research of
the best catalysts to employ in each process.
In this sense, hydrogenation and dry-reforming are the two leading paths at research scale,
with the latter being a very smart way to produce syngas that can be further employed in
other industrial processes. Among all the processes of hydrogenation, the most encouraging
ones are those leading to methane and methanol production, due to their very high yields
and their modest process conditions in which they can be realized.
In particular, carbon dioxide to CH4 hydrogenation was first studied by Paul Sabatier in
1902 [9], who proposed the following reaction, involving the transfer of eight electrons:

CO2 + 4 H2 ⇌ CH4 + 2 H2O ∆H0
R,298K = −165.0 kJ

mol
(1.0.1)

Since Sabatier’s work, many have tried to develop catalysts having high activity over a wide
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range of different operating conditions, at the same time minimizing coke formation, keep-
ing long-term chemical and thermal stability, in order to take the process to an industrial scale.

One problem of this use of CO2 arises from the great consumption of hydrogen required by
the process. H2 is mainly produced by thermochemical conversion of fossil fuels into syngas
and it is therefore associated with processes which have very high carbon footprints. So, to
make the hydrogen production process green H2 should be produced in an environmentally
friendly way: the main road to match this demand is water electrolysis that, however, needs
electricity to create hydrogen. If this electricity is created from renewable sources then the
process becomes sustainable and green hydrogen is formed.
This is possible because renewable energy sources have a fluctuating and intermittent com-
ponent and it may happen that energy produced from them is higher than the one requested
by users and the surplus, if not exploited, will be wasted. Therefore, this surplus of energy
can be stored through production of hydrogen by means of water electrolysis [10].

Figure 1.3: PtG network and its application. [11]

The aforementioned mechanism is part of the Power-to-Gas perspective, in which hydrogen
created through water electrolysis is further adopted in the reaction with CO2 to give CH4.
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The formed methane is called Synthetic Natural Gas when coming from this process: its
production is very convenient because CH4 is a very well known source of energy, with
well-developed and already known available technologies, such as already built and efficient
pipelines through which it is easily convoyed to various users (power plants, industries, users).
For these reasons, Power-to-Methane is considered a pillar process in producing synthetic
natural gas (SNG): the first steps of the process consist in the capture of CO2 and in the
production of green H2.
These technologies will be described in the following pages, together with the production of
green H2, fundamental in the PtM network.

An important point to underline is that the PtG approach will be a temporary solution,
very useful in a time window where renewable sources can supply the necessary energy
for hydrogen production and for consequent methane formation, in a moment where CO2

formation all over the world will still be very high [4].
As of today, there are few industrial-scale applications of PtG, such as the Audi PtG plant
in Werlte (Germany), operating since 2013.
The real challenge to take this process to industrial-scale is the individuation of an active
and selective catalyst, that could ensure high performances with affordable costs, the most
attractive option being Ni-based catalysts, and the search of a kinetic expression that could
describe the process.

1.1 CO2 capture

In order to treat CO2 as a reactant in the processes to convert it to methane, a certain
threshold of purity is required. Hence, highly efficient and cost-effective separation methods
are thoroughly studied and subsequently exploited. Carbon dioxide capture from flue gases
plays a fundamental role in the CCUS network.
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Figure 1.4: Different approaches of CO2 capture. [12]

Three main approaches to realize the carbon capture exist:

• Pre-combustion capture;

• Oxy-fuel combustion;

• Post-combustion capture;

Pre-combustion capture is part of syngas production: when a fuel is made to react with air,
oxygen or steam to obtain a CO/H2 mixture, then carbon monoxide is made to react with
steam in a Water-Gas Shift reactor, to collect CO2 and more hydrogen. After that, carbon
dioxide is removed from the stream by means of physical or chemical absorption: the stream
is now a hydrogen-rich fuel which can be adopted for subsequent applications in furnaces,
gas turbines and fuel cells [13], [14], [15].

In oxy-fuel combustion, pure oxygen is used instead of air, eliminating nitrogen presence
and creating a flue gas mainly constituted by CO2 and H2O, which are separated in a step
where water is condensed. This technique is not very common because it accounts for two
main disadvantages: high capital cost and high electric power requirement, caused by the
cryogenic section where O2 is separated from air.

Post combustion technique is the simplest method to capture CO2, which is removed
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by the exhaust flue gases. This approach is commonly adopted in existing plants, because it
presents the great advantage of easier retrofitting compared to other capture methods.

Based on the previous considerations, a good separation of carbon dioxide becomes funda-
mental for its further handling in the PtG network. Many different methods can be applied,
the most common of which are deeply analyzed in many academic papers [4], [15], [16], [17].
These are:

• Absorption: a very common method, extensively used by oil and chemical companies,
who have known this method for more than 50 years now. The process can either be
physical or chemical: if the solvent reacts with CO2 the process is known as chemical
absorption, otherwise it is physical.
Flue gases are brought into contact with the solvent stream, usually in counter-flow,
and the solvent absorbs CO2. After that, the solvent is regenerated in a stripper column
where, upon heating, CO2 is desorbed and compressed, while the regerenated solvent
is recycled to the absorber.

Figure 1.5: Different kinds of absorption processes. [16]

Physical absorption is preferred when the partial pressure of the acid gas in the flow to
be treated is high, while chemical absorption is used when CO2 partial pressure is low.
In the former case, typical operating pressures are 6− 10 bar and solvents can either be
Selexol®, Rectisol® or Purisol®, while in the latter case amine-based solvents like MEA
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(mono-ethanolamine), DEA (di-ethanolamine) and MDEA (methil-diethanolamine)
are used. Due to the formation of a chemical bond, regeneration of a solvent used in
chemical absorption is much more difficult, and a reboiling is needed, while in physical
absorption solvents can be regenerated through flashing.

• Adsorption: the removal of CO2 is performed exploiting a solid surface. The formation
of physical or chemical bonds takes place between the adsorbent surface and carbon
dioxide till the saturation of the adsorbent. When the surface becomes saturated
with the acid gas, CO2 can be removed through different operations such as PSA
(pressure swing adsorption), TSA (temperature swing adsorption), ESA (electronic
swing adsorption) or VSA (vacuum swing adsorption).
The adsorption process can be preferred due to its high adsorption capacity at ambient
pressure and temperature and for its lower energy requirements compared to absorption
processes. The real challenge of the process is to find suitable adsorbents which can
separate CO2 from flue gases. Up to now, natural and synthetic zeolites, activated
carbons, carbon molecular sieves, hydrotalcites and metal-organic framework materials
have been investigated. In this process, as in the absorption one, partial pressure
of CO2 plays a fundamental role in the efficiency of the process, particularly when
activated carbons are used.

• Membranes: semi-permeable barriers that allow only one component to permeate them,
exploiting the diffusion process and removing it from the flue gas. In this case, the
species to be removed is carbon dioxide. Membranes can be used either as conventional
membranes or as gas absorption columns, with the latter that exploit microporous solid
membranes, minimizing channeling and entrainment. Many academics agree in stating
that membranes are efficient only if concentration of CO2 in the stream to purify is
very high, in the order of 10%.
Typical materials employed in this method are inorganic ceramic or organic polymeric
membranes. When using this method, a trade-off between CO2 separation efficiency
and high CO2 purity must be done.

• Cryogenic distillation: this process consists in cooling down gases to temperatures
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below the sublimation temperature of CO2 (−78.5℃), with the consequent formation
of carbon dioxide crystals that can be separated from the mixture of interest. Typically,
a flue gas is constituted by N2, CO2 and H2O, so first water will condense and then
CO2 will solidify.
This technique is currently not considered a good alternative, due to the very high
energy requirements linked to the very low temperatures to be achieved [18], [19].

• Calcium looping: this technology implies the use of two different reactors. In the first
one, lime (CaO) is used as an adsorbent, capturing CO2 by forming CaCO3, easily
separable from the gas mixture. Calcium carbonate is then transported to the second
reactor where it is regenerated to CO2 and CaO, in a loop that brings lime back to
the first reactor. This method is still at a pre-commercial scale, and represents a valid
alternative for pre-combustion capture [20], [16], [21].

1.2 Green H2 production

Hydrogen is industrially synthesized when syngas, a mixture of CO and H2, is produced in
processes such as partial oxidation of hydrocarbons, steam reforming, auto-thermal catalytic
reforming and carbon gassification, all processes with a very high carbon footprint. If
this strategy is chosen to produce hydrogen, even if methane is formed through Sabatier’s
reaction, the overall process won’t be environmentally friendly.
On the other hand, if renewable energy sources are exploited to create electricity which can
be adopted in the water electrolysis process, hydrogen production becomes sustainable.
Indeed, the process of water electrolysis can generate almost pure hydrogen: based on the
movement of electrons, which circulate continuously through an external circuit, a chemical
reaction takes place.

H2O→ H2 + 1/2 O2 ∆H0
R = +285.8 kJ

mol
(1.2.1)

The reaction of water-splitting into its elements takes place in two steps: the semi-reaction
of reduction occurs at the cathode (negatively charged) while the semi-reaction of oxidation
takes place at the anode (positevly charged).
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Water electrolysis occurs in electrolyzers: alkaline, proton exchange membrane and solid-
oxide electrolytic cells are the ones which arise most interest in their development and
application for green H2 production.

• Alkaline water electrolyzers (AEL): in the PtG field, they are considered the most
mature technology of all; AEL can work both at atmospherical and more elevated
pressures, with the latter option being very convenient for direct injection of H2 in the
power grid.
In their configuration, two electrodes are separated by a diaphragm which allows the
transfer of hydroxyl ions OH− (charge carriers of these electrolytic cells) from the
cathode to the anode. The two electrodes are immersed in a liquid electrolyte solution
of either KOH or NaOH.

Figure 1.6: Alkaline electrolytic cell. [22]

Typical operating temperatures are between 40℃ and 90℃ [10]. Hydrogen is formed
at the cathode, together with OH− ions, which then move to the anode to form O2,
closing the electrical circuit.

(C) 2 H2O(l) + 2 e− → H2(g) + 2 OH−
(aq) (1.2.2)

(A) 2 OH−
(aq) → 1/2 O2(g) + H2O(g) + 2 e− (1.2.3)

Very high levels of hydrogen purity can be achieved, up to 99% [10], [23], [22].
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Although already available at a commercial scale, AEL have an important issue: the
liquid solution used as electrolyte is highly corrosive, causing high maintenance costs.

• Proton Exchange Membrane electrolyzers (PEM): less common then AEL, this kind of
electrolyzers present shorter lifetime and higher capital costs, but they can operate
with higher current densities. Moreover, they possess a higher flexibility of operation.
In PEM electrolyzers, the electrolyte is a sulphonated polymeric membrane with a
cross-linked structure, where the presence of functional groups of sulfonic acid (−SO3H)
allows the transfer of H+, charge carriers of the process, from anode to cathode.
The most common commercial membrane is Nafion by Dupont®. The electrodes are

Figure 1.7: Proton Exchange Membrane electrolyzer. [22]

typically made either by platinum or iridium: the use of noble metals is one of the
causes leading to significantly higher investment costs of this technology compared to
AEL.
Typical operating temperatures are between 20℃ and 100℃ [10]. As in AEL, hydrogen
is formed at the cathode and oxygen at the anode:

(A) H2O(l) → 1/2 O2(g) + 2 H+
(aq) + 2 e− (1.2.4)
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(C) 2 H+
(aq) + 2 e− → H2(g) (1.2.5)

PEM can operate under pressures up to 35 bar [22], producing high-pressure hydrogen.
In addition, a very high purity of the produced H2 can be obtained, up to 99.99%.

• Solid Oxide Electrolytic Cells (SOEC): this kind of electrolyzers is characterized by
high operating temperatures, in a range between 600℃ and 1000℃ [10] [22] and rather
than water electrolysis, steam electrolysis occurs.
The charge carriers are O2− created at the cathode, which then travel in the solid oxide
matrix through the available vacancies, reaching the anode where they form O2.

(C) H2O(g) + 2 e− → H2(g) + O2−
(aq) (1.2.6)

(A) O2−
(aq) → 1/2 O2(g) + 2 e− (1.2.7)

The electrolyte, unlike those present in AEL and PEM technologies, which are liquid, is

Figure 1.8: Solid Oxide Electrolytic cell. [22]

a solid matrix of Yttria-stabilized Zirconia (YSZ). The cathode is formed by a cer-met
of Ni and YSZ while the anode is composed by a composite of YSZ and perovskites
structures, such as LaMnO3, LaFeO3, LaCoO3.
The particular features of the SOEC make this technique very attractive for hydrogen
production, but SOEC are developed only at a lab-scale for the moment [10], due to
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very challenging thermal stability of the components and sealing issues [22]. Moreover,
SOEC at the present time still lack long-term stability.

Today, R&D is searching for the best technique to produce green hydrogen from water
electrolysis, to insert it in the PtG network. Flexibility and durability are two of the key
fundamentals required: AEL can’t still work in transient, while PEM can, but have higher
capital costs, less long-term durability, and more marked problem of corrosion. SOEC are
still at lab-scale and still have very high investment costs.
Nevertheless, many researchers believe there will be a switch in this decade, with PEM
overtaking AEL in the leadership of water electrolysis field [24].



Chapter 2

CO2 Methanation Theoretical

Background

As widely explained in Ch.1, CO2 methanation will be a leading strategy to temporary solve
the problem of carbon dioxide presence in the atmosphere, with all its consequences. In
this chapter, we will explain more in detail the theoretical background of CO2 methanation,
first studied by Paul Sabatier in 1902 [25], with details on its thermodynamics, the different
kinds of catalysts employed up to now, proposed reaction mechanism and the first proposals
on reactors to be used.

2.1 Thermodynamics

From a thermodynamic point of view, in a system where 5 species are present (CO2, H2,
H2O, CH4, CO), containing 3 elements (C,H and O), two reactions are needed to describe
it. One is the Sabatier reaction, the methanation of CO2 involving the transfer of eight
electrons, with the C element passing from an oxidation number of +4 in CO2 to a -4 in CH4.
The other one is usually considered the reverse water-gas shift, in which CO is produced
together with water.

CO2 + 4 H2 ⇌ CH4 + 2 H2O ∆H0
R,298K = −165.1 kJ

mol
(2.1.1)

CO2 + H2 ⇌ CO + H2O ∆H0
R,298K = +41.2 kJ

mol
(2.1.2)

18
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Where the values of ∆H0
R,298K are calculated as:

∆H0
R,j(298 K) =

N∑︂
i=1

νi,j∆h0
f,i(298 K) (2.1.3)

The equilibrium calculations are reported in Appendix A.
The methanation reaction is highly exothermic, which makes it less favoured by a tempera-
ture increase, while reverse water-gas shift is slightly endothermic, so it is favoured by a
temperature increase. This is the reason of the CO2 conversion profile against T, shown in
Fig. 2.1. At first, conversion decreases then, as RWGS becomes more and more important,
conversion increases again, starting from around 550 ℃.
This trend-change is significant for the equilibrium curve calculated at 1 atm, while it becomes
less and less relevant with higher pressures. This different behaviour is caused by the fact
that RWGS does not involve any change of moles, while carbon dioxide methanation reaction,
having a decrease in number of moles, is favoured by pressure.
The different behaviour of the two reactions is reflected also on CH4 selectivity, which
rapidly decreases at atmospheric pressure and, on the contrary, has a less steep decrement
when operating at high pressure. At atmospheric pressure, the decrease is very evident for
temperatures higher than 400 ℃.

Figure 2.1: (a) Effects of pressure and temperature on CO2 conversion. (b) CH4 selectivity. [26]

As clearly shown by Fig. 2.1, CO2 methanation reaction is favoured by low temperatures
and high pressures.
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Besides temperature and pressure, other operating conditions effects must be taken in
consideration. One of these is H2/CO2 ratio, which has a deep influence on the process.
High H2/CO2 ratios lead to high CO2 conversion and CH4 selectivity at every pressure.
Nevertheless, H2 consumption represents a significant percentage of all capital costs of the
process, so values of H2/CO2 close to stoichiometric ones are usually preferred. When low
ratios are used, conversion of CO2 decreases at first and, when RWGS becomes prevalent,
increases again.

Figure 2.2: Effect of H2/CO2 ratio on CO2 conversion (a) and CH4 selectivity (b). [26]

Carbon dioxide methanation can suffer from carbon deposition. Coke is formed through
four main paths: Boudouard reaction, methane cracking, CO reduction and CO2 reduction
[11] [26].

2 CO(g) ⇌ C(s) + CO2(g) ∆H0
R,298K = −172.4 kJ

mol
(2.1.4)

CH4(g) ⇌ 2 H2(g) + C(s) ∆H0
R,298K = 74.6 kJ

mol
(2.1.5)

CO(g) + H2(g) ⇌ C(s) + H2O(g) ∆H0
R,298K = −131.3 kJ

mol
(2.1.6)

CO2(g) + 2 H2(g) ⇌ C(s) + 2 H2O(g) ∆H0
R,298K = −90.1 kJ

mol
(2.1.7)

When operating at close-to-stoichiometric conditions, formation of coke is not observed: the
selectivity to methane is so high that very low CO is produced and so Boudoard reaction,
which is believed to be the main path to coke, is not favoured. Moreover, Sabatier’s reaction
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(Eq. 2.1.1) produces water, that hinders the formation of C through the reverse of reactions
(2.1.6) and (2.1.7). Furthermore, methane cracking is the only endothermic reaction of the
four, so it becomes relevant only at high temperatures. Therefore, in our typical operating
conditions, carbon deposition is always negligible.

Figure 2.3: Selectivity to CH4, CO and C for H2/CO2 = 4. [11]

In conclusion, the best operating conditions to maximize CO2 conversion are low temper-
atures, high pressures and high H2/CO2 ratios. However, low operating temperatures imply
very slow reaction rates, so a catalyst must be adopted. Moreover, even if high pressures
promote the methanation reaction, a trade-off between achieved conversion and compression
costs should be done. In case of over-stoichiometric H2/CO2 ratios, the high amount of
unreacted H2 remaining in the product stream has to be removed in a downstream separation
step, more complicated and more expensive compared to the process of CO2 removal.

2.2 Catalysts

In order to take this process to an industrial scale, both high conversions and high selectivity
to methane must be achieved. Thus, for many years academics and researchers have studied
different catalysts to promote CO2 methanation, trying to achieve reasonable standards, at
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the same time keeping optimal operating conditions for industries: mild temperatures and
atmospheric (or close to atmospheric) pressures.
Different metals have been investigated, in particular those belonging to groups VIII-X.
Among these, Ru and Ni are considered the most promising ones.

Figure 2.4: Extract from the periodic table. Active metals for methanation are indicated in gray.

[27]

Vannice et al. [28], proposed candidate catalysts for CO methanation, sorted by activity
and selectivity. The list they proposed can be further studied and analyzed in the linked
field of CO2 methanation. Hence, catalysts proposed for CO methanation and nowadays
studied and exploited for CO2 methanation are: Ru, Fe, Ni, Co, Rh, Pd, Ir.
We will now analyze more in detail the most used ones:

• Ruthenium (Ru): is the most active [27], [28], [29] metal for methanation of CO and
CO2. Many researches were conducted for metal loadings between 0.5 and 5 wt% and
an optimal loading on alumina equal to 4 wt% was identified by Ashok et al. in their
work [30]. In its reduced state, Ru is very active in dissociating hydrogen, which can
then react with adsorbed CO2. If Ruthenium is used in the process of carbon dioxide
methanation, CO production is minimized.

• Rhodium (Rh): very active and selective in CO2 methanation, specially at low tem-
peratures, many studies have been conducted trying to determine the effects of Rh
particle size on Sabatier’s reaction, but, due to its very high cost (716.96 USD/g as of
February 2021 [31]) it is not considered a valid option for industrial methanation.
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• Nickel (Ni): for its convenient cost, its high activity and selectivity, is the most commonly
used catalyst for commercial applications. However, Ni-based catalysts are active at
higher temperatures with respect to both Ru and Rh and so higher metal loadings are
required to match the performances of Ru. Typical values of Nickel loadings are higher
than 20% wt, with one main drawback being the formation of large metal particles,
which can lead to sintering when the catalyst operates under high temperatures. Still,
the competitive price of Ni (0.019 USD/g [32]) compared to the one of Ru (10.29 USD/g
[33]) makes it the preferred choice for CO2 methanation.

• Cobalt (Co): some studies have suggested it to be the most active catalyst for metha-
nation among the metals of Group VIII. However, Co is very well known for its use in
the Fischer-Tropsch synthesis, so selectivity to methane is not high enough, due to the
presence of C2+ components.

• Iron (Fe): widely used in Fischer-Tropsch synthesis, in recent years Fe-based catalysts
for CO2 methanation are being studied: lack of research may be determined by low
selectivity to CH4, for the same reasons of Co.

Concluding, even if Ru shows the best activity in methanation, and can be loaded in very
small amounts, from 0.5 to 5% wt, the competitive price of nickel makes the research on the
development of a Ni-based catalyst of great interest to bring the process to an industrial
level. For these reasons, in this thesis, a nickel-based catalyst will be considered in the test
of different kinetics for the methanation of CO2.

2.3 Support Materials

The support has a significant influence on the morphology of the active phase, on adsorption
and on properties: dispersion of the active phase and reducibility of the precusors, due to the
interactions between active phase and support, are only two of these [34], [35]. A synergistic
effect is supposed to exist between the support material and the active metal employed in
the catalyst [36].

Therefore, once the active metal is chosen, another important choice to make is about
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the support to use in the process: metal oxides are deeply exploited for this purpose.
Among different supports, Al2O3, SiO2, CeO2, ZrO2 and TiO2 have been studied and an-
alyzed for the application with Nickel, and we hereby propose a quick review of them [34], [37].

Alumina is the most adopted support among all, due its high surface area, its thermal
stability even at high working temperatures and very low cost.
Alumina is able to establish a strong interaction withe the supported metal particles, result-
ing in relatively small nickel particle diameters and poor reducibility.
Silica is another widely used oxide, showing very good performances when employed as
mesostructured silica nanoparticles (MSN), due to its very high surface area and large pore
volume. Aziz et al. [37] did a very extensive study on Ni/MSN and found that the activity
of the reaction on this catalyst is higher compared to the one processed on γ-Al2O3 and that
when real operating conditions are simulated, Ni/MSN performs better than Rh/MSN and
Ru/MSN.
Despite this, a main drawback is present when adopting MSN as a support for Ni-based
catalysts, that is its limited stability in the presence of steam. Being water one of the main
products of methanation processes, these supports can be useful only if the process is carried
out at very low temperatures, which makes its commercial application unfeasible [34].
Ceria has been studied as a single support, as a mixed support with zirconia and also as a
promoter, with very positive effects. When adopted alone, CeO2 promotes the reduction
of carbon dioxide to CO, subsequently providing excellent activity for the following CO
methanation, leading to very high selectivity towards methane [38].
Ceria supported catalysts present large particle diameters, significantly increasing with metal
loading [36] and therefore suffering by sintering deactivation at high operating temperatures.
More often, ceria has been studied as a promoter on various other supports: for example,
when introduced on Ni/Al2O3 supports, it significantly enhances CO2 conversion [37], [34].
Mixed supports with zirconia lead to very satisfactory results: the main role of CeO2 when
adopted together with zirconia is thought to be its ability to disperse nickel [34], [39].
Zirconia, employed in its tetragonal phase, is known to enhance the activity towards CO
methanation thanks to the presence of oxygen vacancies that interact with oxygen atoms,
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weakening the CO bond. Although zirconia supported catalysts show some activity towards
CO2 methanation, they show better performances for the hydrogenation of CO, rather than
CO2 [40]. As for ceria, zirconia supported catalysts present large particle diameters.
In addition, titania is worth to mention: by means of a specific precipitation-deposition
method, highly dispersed nickel surface nanoparticles can be obtained, resulting very active
towards the hydrogenation of CO2 [41].
Many studies also focus on aluminosilicates ordered mesoporous materials, such as MCM-41
[42] and different kinds of zeolites [43].

Among all the presented supports, for its opportunities, its low cost and its use at commercial
scale, we chose γ−Al2O3 as a support for nickel. So, our kinetic study will be conducted on
a Ni/Al2O3 catalyst.

2.4 Reaction mechanism

Ni catalysts supported on various oxides have been found to promote the CO2 methanation
reaction. Moreover, the activity was found to be promoted if a second metal (typically
Fe or Co) or other oxides are added. As stated before, also Ru and Rh have been tested
and give very good results, as they are particularly active in the hydrogenation activity.
However, a clear mechanism for CO2 methanation reaction has still not been defined, and
many pathways have been proposed up to now, strongly depending on the type of metal
employed in the catalyst, on the support, on the interactions between the two and on the
characteristics of the catalysts such as particle sizes, morphology, and metal dispersion.
Indeed, CO2 methanation can also be described by the linear combination of reverse water-gas
shift and CO methanation:

1. CO2 + 4 H2 ⇌ CH4 + 2 H2O ∆H0
R,298K = −165.1 kJ

mol

2. CO2 + H2 ⇌ CO + H2O ∆H0
R,298K = +41.2 kJ

mol

3. CO + 3 H2 ⇌ CH4 + H2O ∆H0
R,298K = −206.3 kJ

mol

The discussion on the reaction mechanism is very vivid now that carbon dioxide methanation
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is gaining interest in the scientific community. The debate aims at describing the reaction
intermediates and, in particular, in determining the role that CO plays in the reaction
pathway. Moreover, there are two other main issues: which are the elementary steps,
specifically the RDS, and what are the active sites.
Different active metals often lead to different reaction mechanism: many schemes have been
proposed, but they are deeply linked to the type of active metal, support and operating
conditions, with particular regard to temperature and H2/CO2 ratios.
Fig. 2.5 presents a summary of the most valid mechanisms proposed up to now. Here, three

Figure 2.5: Possible reaction pathways to CO, CH3OH and CH4. [44]

main paths have been identified, but inside and across these main routes, other schemes can
be derived, as will be explained in the following pages.



2.4. Reaction mechanism 27

2.4.1 RWGS + CO-Hydro pathway

The first proposed mechanism hypothesizes at first CO∗
2 reacting with H∗ to give CO∗ and

OH∗; then, the adsorbed hydroxyl is further hydrogenated to give adsorbed water, so that,
overall, a RWGS reaction is obtained:

CO∗
2 + H∗ ⇌ CO∗ + OH∗ (2.4.1)

OH∗ + H∗ ⇌ H2O∗ + l (2.4.2)

If we sum this two steps, we obtain the RWGS reaction (CO∗
2 + 2 H∗ ⇌ CO∗ + H2O∗). So,

in this case, CO is a crucial intermediate of reaction. After its formation, carbon monoxide
can be hydrogenated to either formyl (CHO∗) or carbo-hydroxyl (COH∗), both of which can
either further be hydrogenated to HCOH∗ or directly split into CH∗ or C∗ respectively. If
the latter option takes place, the mechanism moves to the direct C-O bond cleavage scheme.
The C-O bond can break at any given point of the mechanism, depending on the interactions

Table 2.1: Two different pathways for the RWGS + CO-Hydro scheme.

Principal path Alternative path

1) H2 + 2 l ⇌ 2 H∗

2) CO2 + l ⇌ CO∗
2

3) CO∗
2 + H∗ ⇌ CO∗ + OH∗

4) CO∗ + H∗ ⇌ CHO∗ + l

5a) CHO∗ + H∗ ⇌ HCOH∗ + l 5b) CHO∗ + l ⇌ CH∗ + O∗

6a) HCOH∗ + l ⇌ CH∗ + OH∗ 6b) O∗ + H∗ ⇌ OH∗ + l

7) CH∗ + H∗ ⇌ CH∗
2 + l

8) CH∗
2 + H∗ ⇌ CH∗

3 + l

9) CH∗
3 + H∗ ⇌ CH∗

4 + l

10) CH∗
4 ⇌ CH4 + l

11) OH∗ + H∗ ⇌ H2O∗ + l

12) H2O∗ ⇌ H2O + l

formed between species and catalyst. As we can see from Fig. 2.5, a species CHx must be
formed at a certain point, which will subsequently be hydrogenated to give CH4.
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2.4.2 Direct C-O bond cleavage pathway

In this scheme, CO2 dissociates directly in CO∗ and O∗, without any assistance from a H∗.
Then, once CO∗ is formed, two routes are possible: one where carbon monoxide further
splits into C∗ and O∗, the other one where the C-O bond scission is H-assisted, forming a
formyl species which further dissociates in CH∗. Miao et al. [45] named this two sub-paths
as CO dissociative and CO associative methanation.
This mechanism of CO2 splitting directly in CO∗ and O∗ was also sustained by Eckle et
al. [46] in their paper where, employing in-situ IR measurements on Ru/Al2O3 found that
formate was formed, but didn’t react further, accumulating on the interface: the main
intermediates are CO and CHO.
The path from CO to formyl is generally preferred with respect to the carbide one, with many
academics stating that the direct C-O bond breaking is not kinetically favoured without the
assistance of a H∗ [45], [11].
However, evidences that suggest the direct C-O bond breaking are present [47] but many
oppose to this theory, stating that, if present, C∗ is formed through CO disproportion
(2 CO∗ → C∗ + CO∗

2), mainly because of the lower activation energy of this particular reaction
with respect to direct CO breaking [48] [45]. Anyway, once C∗ or CH∗ are formed, their
subsequent hydrogenation leads to the formation of methane.

Figure 2.6: From top to bottom: direct CO2 dissociation, H-assisted split of CO and direct split of

CO on a Ru catalyst. [45]
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Table 2.2: Different pathways for the direct C-O bond cleavage pathway.

Unassisted path H-assisted path

1) H2 + 2 l ⇌ 2 H∗

2) CO2 + l ⇌ CO∗
2

3) CO∗
2 + l ⇌ CO∗ + O∗

4a) CO∗ + l ⇌ C∗ + O∗ 4b) CO∗ + H∗ ⇌ HCO∗ + l

5a) C∗ + H∗ ⇌ CH∗ + l 5b) HCO∗ + l ⇌ CH∗ + O∗

6) CH∗ + H∗ ⇌ CH∗
2 + l

7) CH∗
2 + H∗ ⇌ CH∗

3 + l

8) CH∗
3 + H∗ ⇌ CH∗

4 + l

9) CH∗
4 ⇌ CH4 + l

10) O∗ + H∗ ⇌ OH∗ + l

11) OH∗ + H∗ ⇌ H2O∗ + l

12) H2O∗ ⇌ H2O + l

2.4.3 Formate pathway

In their extensive job in analyzing all the proposed mechanisms up to the time, Miao et
al. [45] also proposed a scheme involving the interaction of CO2 not with the active metal,
but with the support surface, naming it associative scheme. Many academics support this
theory [11],[49], [27], as stated by Rönsch et al. [27], who affirmed that CO2 adsorption takes
place on the metal-support interface, while CO2 dissociation takes place on the active metal
surface. According to Miao et al. [45], carbon dioxide is adsorbed as a carbonate (CO∗

3) on
the support of the catalyst and as CO∗ on the metal active site [50].
When increasing temperature, the carbonate hydrogenates to bicarbonate (HCO∗

3) which
quickly reacts to formate (HCOO∗). On the other hand, CO formed from CO2 reduction
remains unchanged on Ni, active metal supported ceria-zirconia present in the catalyst
studied by Aldana et al. [50].
Methane is then formed from the hydrogenation of formate, identified by Westermann et
al. [51] in their operando IR study over Ni supported on ultra-stable Y-type zeolite, as the
precursor of both CH4 and CO. Formate was identified as the main intermediate also by
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Figure 2.7: Transition from carbonate to bicarbonate when increasing T. [50]

Pan et al. [47] in their studies over Ni-ceria catalysts under methanation conditions.
As can be seen in Fig. 2.8, the support plays a vital role in defining and pursuing different
methanation mechanisms. The choice of the appropriate active metal together with the most
appropriate metal oxide to adopt as a support is of fundamental choice to achieve optimal
conversion and selectivity to methane.

Figure 2.8: Formate pathway of CO2 methanation on different catalysts. [52]

As previously said, the exact mechanism for methanation is still under debate and there are
strong evidences for each of the proposed mechanisms in literature, but this very wide variety
originates from different operating conditions and different catalytic systems. Therefore,
the research about the mechanism should be carried out on the same combination of
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Table 2.3: Main path to methane in the formate mechanism. The HCOO∗∗ species is adsorbed on

two different sites.

CO2 associative scheme

1) H2 + 2 l ⇌ 2 H∗

2) CO2 + l ⇌ CO∗
2

3) CO∗
2 + O∗ ⇌ CO∗

3 + l

4) CO∗
3 + H∗ ⇌ HCO∗

3 + l

5) HCO∗
3 + l ⇌ HCOO∗ + O∗

6) HCOO∗ + l ⇌ HCOO∗∗

7) HCOO∗∗ + H∗ ⇌ HCOOH∗ + 2 l

8) HCOOH∗ + l ⇌ H2CO∗ + l

9) H2CO∗ + H∗ ⇌ H3CO∗ + l

10) H3CO∗ + l ⇌ CH∗
3 + O∗

11) CH∗
3 + H∗ ⇌ CH∗

4 + l

12) O∗ + H∗ ⇌ OH∗ + l

13) OH∗ + H∗ ⇌ H2O∗ + l

14) CH∗
4 ⇌ CH4 + l

15) H2O∗ ⇌ H2O + l

metal, support and operating conditions, specially temperature and H2/CO2 ratio: H2-rich
environment studies [53] have very different results from researches where the H2/CO2 ratio
is set at stoichiometric condition for CO2 methanation. In addition, mechanisms seem to
cross each other at certain points so the boundary between different mechanisms should be
defined more strictly.
In conclusion, it is very clear that, whatever the combination of metal, support and operating
conditions, the selectivity to methane is driven by the competition between the C-O bond
breaking and the hydrogenation of carbon species: catalysts should aim at strengthening
the interaction between catalyst and adsorbed species, in this way making more favorable
the C-O breaking.
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2.5 Reactors

A robust and well-developed technology for the industrial production of methane from carbon
dioxide is not yet available. There are many proposals and studies that are being developed,
but many of the projects concerning reactors construction are still at lab-scale [54]. Today,
carbon dioxide methanation process developments rely on the well-established industrial
process of CO methanation [27]: many of these technologies were promoted during the
oil crisis of the 70s, when synthetic natural gas production from coal was requested [55].
Nowadays, the focus on CO2 methanation reactors is rapidly expanding in the PtG field.
When studying this process progress, one should keep in mind that in order to inject methane
directly into the natural gas grid some specific composition standards must be met. Although
a common european standard for SNG direct injection has not been defined yet, an example
of required composition for biomethane in different countries is reported in Table 2.4.

Table 2.4: Standards for biomethane injection into the natural gas grid in European countries. [56]

Country CH4 CO2 H2 CO

[%] [%] [%] [%]

Germany > 98.3 < 2.5 < 0.2 −

France > 95 < 2.5 < 6 < 2

Sweden > 97 < 3 < 0.5 −

Netherlands > 85 < 6 < 12 < 1

Austria > 96 < 3 < 4 −

United Kingdom − < 3 < 0.1 −

Italy − < 3 < 0.1 −

Water must obviously be removed to meet the standards required before the injection of
SNG in the grid: usually a downstream drying step is integrated [57]. Unconverted reactants
(CO2 and H2), together with CO, must be limited too, according to national restrictions.
When projecting industrial methanation reactors, one should keep in mind that hydrogen
comes from a discontinuous source like renewable energy sources: the whole system must
be able to respond to dynamic variations of the feed composition and flow rate. Moreover,
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heat management is a crucial aspect: carbon dioxide methanation is highly exothermic
(∆H0

R,298K = −165.1 kJ

mol
), so a very detailed realization of heat management is required.

Furthermore, CO2 conversion is limited by thermodynamic equilibrium at temperatures
above 300 °C [58].
Although just few examples have been taken to commercial scale, today many kinds of
reactors have been investigated in order to define the best technology for an industrial
application of CO2 methanation.

Many different kinds of reactors can be exploited, but the ones that are currently be-
lieved to be the best option are fixed-bed externally cooled (multitubular) reactors [57]. This
type of reactor is preferred for its large thermal control capacity: through the use of the most
appropriate cooling medium, an efficient running of the process can be guaranteed. They
are preferred in the industrial field with respect to the cheaper and more basic adiabatic
reactors, in which a good thermal control cannot be assured.

If only one externally cooled reactor is adopted, the process can have two limitations:
be limited by low per-pass conversions or having very high hotspots, around 500 ℃ [59],
which can also lead to sintering of the catalyst.
For these reasons, typically a configuration with more than one reactor is adopted, with
intermediate water removal steps, which favors the thermodynamics of the process.

Figure 2.9: Representation of a possible configuration for the industrial process of carbon dioxide

methanation. [57]

Fixed bed reactors, however, have some major drawbacks: the formation of hotspots, which
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is typical if meticulous heat management is not practiced and the presence of pressure drops;
in addition, the lack of flexibility of operation, is one of the other main concerns.
A solution to the problem presented by fixed-bed reactors may be the use of fluidized
bed reactors, which limit the formation of hotspots, at the same time ensuring an almost
isothermal process. However, fluidized bed reactors make the employed catalysts undergo
strong mechanical stress: frequent replacement of the catalyst is often required, a serious
problem when expensive catalysts such as those based on ruthenium are used.
In addition to these configurations, three-phase methanation in slurry bubble columns is
being studied for its very good heat management, for the additional advantage of being able
to substitute the catalyst during operation and for the high ability to handle the fluctuations
imposed by VREs. Many drawbacks are present also in this case, the main of which is
certainly reactor hydrodynamics, in particular the mass transfer limitations that can be
present [10], [60].

Figure 2.10: Schematic diagram of the three-phase methanation reactor. [10]

The removal of water from the process and how it affects the overall performances of
methanation have been studied for a long time, and have been proven efficient to push
the conversion of carbon dioxide [61], [57], [62]. For this reason, technologies in which
water is subtracted inside the reactor have been proposed, such as in membrane reactors,
equipped with a selective membrane that allows water to permeate towards the outside, at
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the same time remaining impermeable to other compounds involved in the process, specially
H2. The technical difficulty of producing this type of reactor makes it very expensive and
therefore not very attractive and scarcely practicable at the moment on an industrial scale [63].

Another kind of reactors that exploits the in-situ removal of water are the sorption-enhanced
reactors. Removing water form the reaction sites, an equilibrium shift is caused, leading to
the sorption enhanced methanation process [64], [65]. Zeolites, which are usually adopted
as adsorber material in industrial processes, can be used as catalyst support, subtracting
water from the reaction environment. However, when zeolites are adopted a regeneration
step with dry gas is required.
One more possibility is the realization of structured or washcoat-type reactors, such as those
proposed by Schereleth et al. [59], which combine excellent heat management, ensured by
the use of a metal support, with low pressure drops.
The honeycomb reactor proposed by Schereleth et al. [59] in 2015 has a real application
example in the industrial plant of Falkenhagem [66], where the reactor is constitued by a
bundle of honeycomb tubes. However, washcoat reactors have the great disadvantage of
tolerating only a small amount of active phase. To solve this problem, microchannel reactors
have been studied and, despite providing efficient heat management, face an importante
issue: when the catalyst is deactivated, the whole reactor must be replaced [67].

An industrial example of CO2 methanation is the one of the Audi e-gas plant in Werlte,
Germany.

2.6 Audi e-gas plant

Nowadays, the largest PtG plant at commercial scale is set in Werlte, Germany. It was built
by Audi in 2013 and it operates with an input of around 6 kW, mainly supplied by excess
wind power, but also solar and biomass energy. This energy powers the first step of the
process consisting in hydrogen production by electrolysis: hydrogen is produced from water
by means of a system of alkaline electrolyzers and it is stored in a tank at 10 bar before being
fed to the plant. The CO2 feed comes from a biogas plant and is obtained by purification in
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Figure 2.11: Simplified scheme of the methanation plant from Audi. [68]

an amine gas treater. Reactants are then fed to a tube-bundle reactor, filled with a Ni-based
catalyst and externally cooled by molten salts [68]. Right after the methanation step, the
products are cooled and water is removed by condensation. In this way, Synthesized Natural
Gas (SNG) is obtained and it can be both fed to the national gas grid or used as a fuel. In
the latter case, the produced fuel was called "Audi E-Gas", hence the name of the plant.



Chapter 3

Methanation Kinetics Literature Review

The SNG synthesis was first studied in 1873 when Brodie applied an electric discharge on a
syngas mixture: the observed reaction rate was quite slow [69]. Indeed, the gaseous CO2

methanation involves the movement of eight electrons and it can be considered as very slow,
therefore a catalyst is needed to increase the reaction rate (as explained in Ch.2). In 1902
Sabatier et al. studied carbon dioxide methanation in presence of a heterogeneous catalyst
for the first time[9]. Since then, many studies have been made to select the best catalyst
and to understand the reaction mechanism, which is still under debate (Sec. 2.4).
In this chapter, we will review some of the kinetic models proposed to describe the process,
which have been divided into four main categories:

• Power Law models;

• Modified Power Law models;

• mechanistic solo CO2 methanation models;

• mechanistic comprehensive models;

37
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3.1 Power Law models

One of the most common forms of the reaction rate dependence from species concentration
is the power law model, where the rate law is the production of concentrations of reacting
species, each raised to a power defined as order of reaction of the species, as defined by
Fogler [70]. Hence, a typical power law expression is r = k Cα

A Cβ
B.

When adopting power law models, extrapolations outside the studied experimental field
can not be performed. Therefore these kind of models cannot be used to predict a trend in
different operating conditions with respect to the ones in which the parameters are calculated.
Nevertheless, their very simple form makes these models very attractive to describe a pro-
cess and for this reason they are widely exploited in CO2 methanation literature. Indeed,
Power-Laws are still used in case a ruthenium catalyst is employed in the kinetic study, due
to its high methane selectivity [71] [72], while in case of nickel-based catalysis this approach
has been gradually abandoned, in favor of more complex models.

In Table 3.1 an overview of Power-Law models present in the literature is reported. The
activation energy of the process is in the range of 60− 90 [kJ/mol] and it is similar for all the
tested catalysts. The reaction order of H2 is 2− 3 times larger than the one of CO2 when
the process is catalyzed by noble metals, while this trend is inverted in case nickel is employed.

When the experiments were performed in integral reactors, reaction products effect on
reaction rates were analyzed. The inhibition effect of methane is always negligible, and thus
was not included in the rate expression by any author with the sole exception of Duyar et
al. [73] among the models proposed in Table 3.1. On the contrary, water inhibition effect is
much more evident, as witnessed by the proposed negative reaction orders.

Due to the similarity of all these power-law models, we decided to analyze only the Solymosi
et al. models, were many different supports for the same active metals, Rhodium [74] and
Ruthenium [75], were tested.
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Table 3.1: Overview of Power-Law models reported in literature.

Model Rate expression Catalyst Ea [kJ/mol] Reaction orders

Garbarino et al. [71] r = kP
nH2
H2

3%Ru/γ − Al2O3 60 nH2 = 0.39

Šolc et al. [76] r = kP
nCO2
CO2

62%Ni/Cr2O3 86 nCO2 = 0.5

Solymosi et al. [74] r = kP
nCO2
CO2

P
nH2
H2

5%Rh/γ − Al2O3

68 − 81
nCO2 = 0.26 − 0.27

5%Rh/SiO2
nH2 = 0.61 − 0.64

1%Rh/TiO2

Solymosi et al. [75] r = kP
nCO2
CO2

P
nH2
H2

5%Ru/γ − Al2O3 67
nCO2 = 0.47

nH2 = 1

Wang et al. [72] r = kP
nCO2
CO2

P
nH2
H2

0.5%Ru/γ − Al2O3
57 − 80

nCO2 = 0.1

5%Ru/γ − Al2O3 nH2 = 0.3 − 0.5

Kusmierz [77] r = kP
nCO2
CO2

P
nH2
H2

0.5%Ru/γ − Al2O3
60

nCO2 = 0.14 − 0.28

0.8%Ru/γ − Al2O3 nH2 = 0.46 − 0.87

Chiang [78] r = kP
nCO2
CO2

P
nH2
H2

58%Ni/SiO2 61
nCO2 = 0.66

nH2 = 0.21

Marwood et al. [79] r = kP
nCO2
CO2

P
nH2
H2

P
nH2O

H2O 2%Ru/TiO2 80

nCO2 = 0.22

nH2 = 0.57

nH2O = −0.28

Takeishi et al. [80] r = kP
nCO2
CO2

P
nH2
H2

P
nH2O

H2O Ru/SiO2 81

nCO2 = 1

nH2 = 2.5

nH2O = −2

Duyar et al. [73] r = kP
nCO2
CO2

P
nH2
H2

P
nH2O

H2O P
nCH4
CH4

10%Ru/γ − Al2O3 66

nCO2 = 0.34

nH2 = 0.88

nH2O = −0.23

nCH4 = −0.11
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3.1.1 Solymosi et al. models

Solymosi et al. studied CO2 methanation on both Ru-based [75] and Rh-based catalysts
[74]. Different supports were adopted, such as Al2O3, SiO2, TiO2, MgO, and in both cases
an IR study was performed to detect the adsorbed species.
When studying ruthenium-based catalysts, low-temperature experiments (25− 150 ℃) were
conducted to study the carbon dioxide adsorption. The best CO2 adsorption performance
per metal site was achieved by the Ru/TiO2 catalyst, followed by Ru/MgO and Ru/Al2O3.
On the contrary, CO2 adsorption on Ru/SiO2 was extremely poor.
Despite what was found, a kinetic study was performed only over the Al2O3 supported
catalyst. Different operative conditions were tested, such as T = [170− 230] ℃, P = 1 bar,
and H2/CO2 = [1− 10] mol/mol.
Methane selectivity was close to 100% every time, but small amounts of CO, C2H6 and
CH3OH were occasionally detected in the outlet gas. Due to the very low amount of products
encountered aside from methane, by-product formation rate was neglected and only the one
of methane was described, through the following expression:

rCH4 = kP x
H2P y

CO2
(3.1.1)

Where x and y are the reaction orders of H2 and CO2, that in this particular case were
calculated equal to 1 and 0.47 respectively.

Figure 3.1: Data fitting of Solymosi et al. model for Ru-based catalyst. [75]
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Even tough the rate expression is completely empirical, the IR spectroscopy identified a
formate species and CO as surface intermediates. Therefore, a reaction mechanism can be
hypothesized as shown in Fig. 3.2: it suggests the H-assisted adsorption of CO2, that leads
to CO formation, and the following unassisted dissociation of carbon monoxide.

Figure 3.2: Reaction mechanism proposed by Solymosi et al. for Ru-catalyst.[75]

The same supports were studied when Rh was used and again the most active catalyst was
the one supported on TiO2 [74]. A particular mention must be done for Rh/MgO that
appeared to be problematic above 290℃, where both CO2 conversion and CH4 selectivity
suffered a marked decay. On the contrary, all the other tested catalyst showed methane
selectivity close to 100%.
All the Rh-catalysts were tested at atmospheric pressure, T = [170 − 310] ℃, PCO2 =
[0.05− 0.4] bar, and PH2 = [0.2− 0.8] bar. Again only methane formation was described,
through the same empirical correlation (Eq. 3.1.1). The reaction orders x and y are different
for any Rh-based catalyst and depend on the operative conditions and on the nature of the
support.
An IR spectroscopy was again used to study the surface intermediates and the formate group
was again detected in the system (Fig. 3.3) but Solymosi et al. concluded that it was not
created on the metal active site, but rather on the support, with a particular presence on
the Al2O3 one.
From the studies performed on Rh-catalysts, a direct dissociation of carbon dioxide was
suggested, leading to the formation of CO on the catalytic surface. Moreover, hydrogen was
thought to be adsorbed on the same sites of CO.
After the formation of adsorbed carbon monoxide, CO is further dissociated to C and
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Figure 3.3: Solymosi et al. operando IR study on Rh-catalyst. [74]

subsequently hydrogenated to CH4. The reaction mechanism later proposed for Rhodium
catalysts is schematized in Fig. 3.4.

Figure 3.4: Solymosi et al. Rh-catalyst reaction mechanism. [74]

To perform these kinetic studies, Solymosi et al. exploited a differential reactor, where the
conversion is limited to a small percentage, generally less than 15%, therefore only reaction
rates at initial conditions could be described. Hence, these rate expressions cannot describe
the system when approaching the thermodynamic equilibrium.

3.2 Modified Power Law models

In this section we will analyze power law models that either include an inhibition term,
represented by a denominator, or are limited by an equilibrium term. In some cases both
this modifications are included in the proposed models.
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3.2.1 Dew et al. model

One of the first attempts to develop a rate expression that could describe carbon dioxide
methanation was made by Dew et al. in 1955 [81]. Their study was conducted on a Ni/SiO2

catalyst, in a temperature range between 260℃ and 400℃. The reaction rate of methane
formation that best fitted their experimental data was:

rCH4 =
kP 0.5

CO2P 2
H2

(1 + K1PH2)3 at 2 atm (3.2.1)

rCH4 =
kPCO2P 4

H2

(1 + K1PH2 + K2PCO2)5 from 2 to 30 atm (3.2.2)

In the low pressure case the reaction orders were related to a dissociated carbon dioxide
molecule reacting with two adsorbed molecules of hydrogen, while at higher pressures an
adsorbed carbon dioxide molecule reacts with four adsorbed molecules of hydrogen.

Some CO was detected in the outlet stream, therefore Dew et al. tried to describe its
formation, proposing this reaction rate:

rCO =
kP 0.5

CO2PH2

(1 + K1PH2 + K2PCO2)2 (3.2.3)

These rate expressions are not based on a reaction mechanism but are of the Power-Law
type, with an inhibition term constituted by the denominator and to obtain this kind of
expression, Dew et al. exploited a differential reactor. Therefore, only the reaction rate
at initial conditions could be described: these rate expressions cannot describe the system
when approaching thermodynamic equilibrium.

3.2.2 Van Herwijnen et al. model

Another rate expression was developed 20 years later by Van Herwijnen et al. [82], based on
experiments conducted at atmospheric pressure on a Ni/Al2O3 catalyst. In this case, Van
Herwijnen et al. studied both CO and CO2 methanation and also co-methanation of the
two: for this reason, they investigated a limited temperature range while modifying both
CO and CO2 inlet partial pressure. Indeed, carbon dioxide methanation was studied at
T = [200− 230] ℃ and PCO2 = [0.0022− 0.0238] atm. The measured reaction rates could
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be described by the Langmuir isotherm, thus the derived rate expressions were:

rCO2meth
= kPCO2

(1 + KCO2PCO2) (3.2.4)

rCOmeth
= kPCO

(1 + KCOPCO)2 (3.2.5)

These rate expressions have the same issues encountered by the Dew et al. model, as they
are not based on a clear reaction mechanism, so we cannot use this model outside the
experimental range, and only the initial reaction rates can be described.

3.2.3 Chiang et al. model

Chiang et al. [78] performed the CO2 methanation over a Ni/SiO2 catalyst. The reaction
was tested at T = [275 − 320] ℃, P = [8 − 18] bar, and H2/CO2 = [2 − 5] mol/mol. At
these conditions, in most of the experiments carbon dioxide conversion was lower than 20%
and CO production was negligible, hence only the methane production rate was described.
At first, a simple Power-Law model that could correlate the data satisfactorily was tested.
The rate expression was:

rCH4 = kP x
H2P y

CO2
(3.2.6)

where x and y are the reaction orders of H2 and CO2, equal to 0.21 and 0.66 respectively.
Chiang et al. also evaluated a LHHW model, just choosing a rate expression that best fitted
their data, with no reaction mechanism further illustrated, falling again on a power-law
model that also accounts for an inhibition term. In this case, the formation rate of methane
is:

rCH4 = kPH2PCO2

(1 + KH2PH2 + KCO2PCO2) (3.2.7)

This rate expression exhibited better performances than the Power-Law expression, allowing
to decrease the average deviation from the data from 6.93% to 4.61%. Both models proposed
by Chiang et al. are empirical, therefore they can be used only in the studied experimental
range. Moreover, both expressions do not take in consideration thermodynamic equilibrium:
this is justified by the fact that in their work Chiang et al. worked with low conversion
systems.
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3.2.4 Lunde-Kester model

One of the models developed for a Ru-based catalyst is the Lunde-Kester model [83], today
considered as a pillar for methanation on Ruthenium catalysts. In their work Al2O3 was
chosen as catalyst support. Since Ruthenium is much more selective to methane than Ni,
Lunde and Kester did not find necessary to describe any carbon monoxide formation; in the
last few years, however, some models tried to include CO as well inside the reaction scheme
[84]. The proposed rate expression is an empirical correlation:

rCH4 = k
(︂

PCO2P 4
H2 −

PCH4P 2
H2O

Keq

)︂n

(3.2.8)

This correlation to calculate the equilibrium constant was proposed:

Keq = exp
[︂(︂ 1

1.987

)︂(︂56000
T 2 + 34633

T
− 16.4 ln T + 0.00557·T

)︂
+ 33.165

]︂
(3.2.9)

Despite being an empirical law, the Lunde-Kester model has been successfully used under
many different operative conditions. Every time someone decides to use this model the
parameters k and n must be re-adapted, but, as long as CO is in low concentration, the
data fitting is pretty good [85].
The advantage of this model is that it can describe the system also when the gas composition
is close to the thermodynamic equilibrium, including the equilibrium term in parenthesis:
a very big difference with all the models proposed up to now. Furthermore, only three
parameters have to be estimated, hence the calculation time is reduced.
This model will be further analyzed in Sec. 5.2.

3.2.5 Farsi et al. model

More recently, in 2020, Farsi et al. [86] performed a kinetic study whose aim was to describe
carbon dioxide methanation. They worked on Ni3Fe/γ − Al2O3, a bimetallic catalysts, and
proposed a consecutive scheme in which Sabatier’s reaction is thought as a RWGS followed by
a CO methanation reaction. Very short contact times were kept during all the experiments.
The reactive system was tested at T = [300 − 450] ℃, P = [2 − 18] bar, and H2/CO2 =
[2− 8] mol/mol. Moreover, the influence of water and carbon monoxide addition in the feed
was also tested.
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The proposed rate expressions have this general form:

rRW GS =
k1P

α
CO2P β

H2

inhibition term2

(︂
1− PCOPH2O

PCO2PH2KeqRW GS

)︂
(3.2.10)

rCOmeth
= k2P

γ
COP φ

H2
inhibition term2

(︂
1− PCH4PH2OP 2

abs

PCOP 3
H2

KeqCOmeth

)︂
(3.2.11)

Then, a non-linear regression was performed, through which both the reaction orders and
the terms constituting the inhibition term were found, resulting in:

rRW GS =
k1P

0.5
CO2P 0.5

H2

(1 + KH2OPH2O)2

(︂
1− PCOPH2O

PCO2PH2KeqRW GS

)︂
(3.2.12)

rCOmeth
= k2PCOP 0.5

H2
(1 + KH2OPH2O)2

(︂
1− PCH4PH2OP 2

abs

PCOP 3
H2

KeqCOmeth

)︂
(3.2.13)

This model will be further analyzed in Sec. 6.2.

A summary of all the discussed power-law models is reported on the next page.(Table
3.2)
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3.3 Mechanistic solo CO2 methanation models

In this section we will analyze kinetic models proposed in literature that clearly declare a
reaction mechanism and derive a kinetic expression starting from it.
The models are all Langmuir-Hinshelwood-Hougen-Watson (LHHW) based models that only
describe the direct carbon dioxide methanation through Sabatier reaction (Eq. 2.1.1).

3.3.1 Weatherbee et al. model

One of the first attempts to derive a mechanistic kinetic model was made by Weatherbee et al.
in 1982 [87], who tried to exploit a LHHW model, studying CO2 methanation over Ni/SiO2

in a differential reactor. The reaction was tested at T = [225− 325] ℃, P = [1.4− 1.75] bar,
PH2 = [0.0276 − 0.138] bar, and PCO2 = [0.00276 − 0.0276] bar. CO inhibition effect was
also tested by varying its partial pressure up to a maximum of 0.006 bar.
In the chosen mechanism H2 adsorbs dissociatively, while CO2 and CO adsorption are both
unassisted and dissociative, suggesting a direct C-O bond cleavage scheme (Sec. 2.4.2). After
that, adsorbed C and H are hydrogenated to methane and water.
Only one RDS was hypothesized by Weatherbee et al., hence only the rate formation of
methane was considered. Moreover, since CO was co-fed, the RDS is the same for both CO
and CO2 methanation.
The best data fitting was obtained when the scission of CO (reaction 4) is considered the
RDS of the process, with species O and CO treated as MASI. The complete rate expression
derivation can be found in the Weatherbee et al. work, but it is worth mentioning that:

• The RDS (step 4) was considered as irreversible, hence the system cannot be well
described at high CO2 conversion, when approaching equilibrium;

• Not all the other steps were considered at quasi-equilibrium;

• The active sites occupied by CO are expressed in 2 different ways, with different results.
Weatherbee et al. unilaterally chose to use one of them in the RDS rate expression,
while summing them up in the free sites derivation (CO is considered a MASI).
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Figure 3.5: Weatherbee et al. reaction mechanism. [87]

The resulting rate expression is:

rCH4 =

(︂K1K2K10 k4 k11

2

)︂ 0.5
L2P 0.5

CO2P 0.5
H2(︄

1 +
(︂ 2K2k4

K1K10 k11

)︂0.5 P 0.5
CO2

P 0.5
H2

+
(︂K1K2K10 k11

2 k4

)︂0.5
P 0.5

CO2
P 0.5

H2
+ PCO

K3

)︄2 (3.3.1)

3.3.2 Ionue et al. model

In 1984 Ionue et al. [88] studied CO, CO2 and co-methanation over a Ni catalyst, with one
of their main targets being the study of the mutual interaction of carbon monoxide and
carbon dioxide and their effect on the methanation reactions rates. The reaction was tested
at atmospheric pressure and in a temperature range between 250 and 350 ℃. Information
about space velocity, H2/CO and H2/CO2 ratios are not well defined in the paper, but we
can observe that a wide range of CO and CO2 conversions were investigated. Our main
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focus will be on carbon dioxide methanation.

In the experiments some CO was detected in the outlet gas, with its concentration be-
coming higher and higher as space velocity is increased. This is the typical behaviour of
systems where consecutive reactions are present, with carbon monoxide as reaction interme-
diate. Despite this, in the rate expression derivation CO production rate was not described,
due to the maximum selectivity towards it being about 0.5%.

The reaction mechanism involved the unassisted dissociation of both CO2 and CO, fol-
lowed by the hydrogenation of adsorbed C and O by H2 in its gaseous form, suggesting
an Eley-Rideal mechanism type. The formation of CH∗

2, CH4 and H2O are considered

Figure 3.6: Inoue et al. reaction mechanism, where X represents the active site. [88]

irreversible steps. The RDS is the CH∗
2 formation, while the MASI are CO2, H2 and H2O;

the resulting rate expression is:

rCH4 =
(k2

mk
′

hKSK
′
SKCO2/α)1/3PH2P

1/3
CO2

(1 + KCO2PCO2 + KH2PH2 + KH2OPH2O) (3.3.2)

The reaction mechanism is quite strange since H2 is not adsorbed, but is considered as a
MASI, which seems a nonsense. Up to now, all the models we have studied contemplated
the adsorption of H2, none of them theorizing an Eley-Rideal mechanism type.
Once again equilibrium conditions cannot be described, since the RDS is considered irre-
versible.
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3.3.3 Kai et al. model

In 1988 Kai et al. studied the CO2 methanation over a Ni/La2O3/Al2O3 catalyst [89]. Both
a differential and an integral reactor were employed, hence a wide range of CO2 conversion
was investigated. In the differential reactor the system was examined at T = [240− 320] ℃,
P = [1.4 − 11.1] bar, and H2/CO2 = [0.6 − 30] mol/mol, while the integral reactor was
operated at T = [240− 320] ℃, P = 1 bar, and H2/CO2 = 4 mol/mol.
Under all these reaction conditions, the maximum CO selectivity was below 1% and no other
by-products were detected. Thus, it was sufficient to only consider a direct CO2 methanation
scheme.
The rate expression is described by means of a LHHW equation type, whose parameters are
fitted through the nonlinear least squares method:

rCH4 =
kP 0.5

H2 P 0.33
CO2

(1 + KH2P 0.5
H2

+ KCO2P 0.5
CO2

+ KH2OPH2O)2 (3.3.3)

This rate expression was justified by exploiting a reaction mechanism similar to the one
proposed by Weatherbee et al. [87] and reported in Fig. 3.7.

Figure 3.7: Kai et al. reaction mechanism. [89]
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The RDS was assumed to be the hydrogenation of C, while species H, CO2, H2O and CO
were considered as MASI.
Even in this case, the equilibrium conditions are not described by the rate expression, even
though high experimental CO2 conversions were achieved.

3.3.4 Koschany et al. model

In 2016 Koschany et al. [90] studied carbon dioxide methanation as an opportunity in the
PtG field. They performed their kinetic study on different coprecipitated NiAl(O)x catalysts.
Two different reaction mechanism were proposed, a carbide (Sec. 2.4.2) one and a RWGS +
CO-Hydro one (Sec. 2.4.1). Despite this, the carbon monoxide content in the product gas
was considerably below 1000 ppm and so Koschany et al. decided to describe only the rate
of methane formation. The reaction was studied at T = [180− 340] ℃, P = [1− 15] bar,
and H2/CO2 = [0.25 − 8] mol/mol. In addition to this, the effect of methane and water
co-feed was studied.
The final proposed rate expression is:

rCH4 =
kP 0.5

H2 P 0.5
CO2

(︂
1−

PCH4P 2
H2O

PCO2P 4
H2

Keq

)︂
(︂

1 + KOH
PH2O

P 0.5
H2

+ KH2P 0.5
H2

+ KmixP 0.5
CO2

)︂2 (3.3.4)

Today, the study and the model proposed by Koschany et al. are considered state-of-the-art
when describing direct CO2 methanation, and are commonly exploited by research groups
[34], [91].
This model will be further analyzed in Sec. 5.3.
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3.4 Mechanistic comprehensive models

In this section we will describe models that illustrate a combination of the Sabatier reaction,
RWGS and CO methanation, either in series, in parallel or all together in a triangular scheme.
We will define these models as comprehensive models.

3.4.1 Xu-Froment model

In 1989 Xu and Froment studied the intrinsic kinetics of methane steam-reforming
(CH4 + H2O ⇌ CO + 3 H2) and RWGS reaction on a Ni/MgAl2O4 catalyst [92]. As some
methane was detected in the outlet gas of the RWGS reaction experiments, they decided
to include CO2 methanation in the reactive scheme, giving birth to the triangular scheme
reported in Fig. 3.8.

Figure 3.8: Xu-Froment reaction scheme. [92]

The experiments on the steam-reforming reaction were conducted at T = [500 − 570] ℃,
P = [3 − 15] bar, and H2O/CH4 = [3 − 5] mol/mol, while the RWGS experiments were
conducted at T = [300− 400] ℃, P = [3− 10] bar, and H2/CO2 = [0.5− 1] mol/mol.
Since the considered reactions are all reversible and the catalyst adopted is similar to the
ones adopted in many other studies we have seen so far, this paper is considered a milestone
for CO2 methanation, due to the deep study conducted on the reaction mechanism.
Steam reforming was considered the main reaction of the process, so it was taken as reference
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in the mechanism building, with CO2 treated as a by-product. Two parallel pathways
were considered for carbon dioxide formation; the first is the direct pathway, through the
reverse of the Sabatier reaction (CH4 + 2 H2O ⇌ CO2 + 4 H2), the second passes through
the formation of CO, followed by a water-gas shift reaction, according to the reaction scheme
showed in Fig. 3.8. The elementary steps considered by Xu and Froment are reported in
Fig. 3.9.

Figure 3.9: Xu-Froment reaction mechanism. [92]

We can observe that 3 RDSs are considered, in agreement with the reaction scheme. The
resulting rate expressions are:

rSR =

k1

P 2.5
H2

(︂
PCH4PH2O −

P 3
H2PCO

K1

)︂
(︂

1 + KCOPCO + KH2PH2 + KCH4PCH4 + KH2O
PH2O

PH2

)︂2 (3.4.1)

rW GS =

k2

PH2

(︂
PCOPH2O −

PH2PCO2

K2

)︂
(︂

1 + KCOPCO + KH2PH2 + KCH4PCH4 + KH2O
PH2O

PH2

)︂2 (3.4.2)

rRev−Sab =

k3

P 3.5
H2

(︂
PCH4P 2

H2O −
P 4

H2PCO2

K3

)︂
(︂

1 + KCOPCO + KH2PH2 + KCH4PCH4 + KH2O
PH2O

PH2

)︂2 (3.4.3)

In general, these rate expressions can be employed for CO2 methanation, keeping in mind that
in the Xu-Froment derivation CO2 is treated as a product: in a carbon dioxide methanation
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system we eventually would find a negative reaction rate, being CO2 a reactant; still, the
model is thermodynamically consistent and based on the reaction mechanism reported in
Fig. 3.9.
Unfortunately, the main purpose of this study was the steam-reforming reaction, therefore
investigated temperatures and compositions were very different from those of a CO2 metha-
nation system. When the operating conditions change so much it is very likely that also
the mechanism changes a bit and, in particular, the RDSs. For this reason, this reaction
mechanism was further deepened in many other studies, taking it as a solid base, but focusing
on the Sabatier reaction.

3.4.2 Champon et al. model

In 2019 Champon et al. [93] proposed a comprehensive model, very similar to the one
proposed by Xu and Froment [92]. Indeed, this model is a triangular one, where both direct
path (Sabatier reaction) and indirect path (RWGS + CO methanation) of carbon dioxide
methanation are described.
The kinetic study was performed on a Ni/Al2O3 catalyst; after analyzing models proposed
in literature, Champon et al. proceeded by selecting the already proposed expressions that
best fitted their experimental dataset, introducing modifications when necessary.
At first, a differential reactor was exploited, to obtain a first gross estimation of the kinetic
parameters, then an integral reactor study was performed, in order to describe the behaviour
of the system in a wide range of CO2 conversions.
The experiments were conducted at atmospheric pressure and in a temperature range between
350 and 450 ℃. In addition, different GHSV and the inhibiting effect of CH4 and H2O were
tested. The following rate expressions are the final ones proposed by Champon et al. in
their paper:

rCO2meth =
kCO2methKH2KCO2PH2PCO2

(︃
1−

PCH4P 2
H2O

P 4
H2

PCO2Keq,CO2meth

)︃
(1 + KCO2PCO2 + KH2PH2 + KH2OPH2O + KCOPCO)2 (3.4.4)

rRW GS =
kRW GSKCO2PCO2

(︃
1− PCOPH2O

PH2PCO2Keq,RW GS

)︃
(1 + KCO2PCO2 + KH2PH2 + KH2OPH2O + KCOPCO) (3.4.5)
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rCOmeth =
kCOmethKH2KCOPH2PCO

(︃
1− PCH4PH2O

P 3
H2

PCOKeq,COmeth

)︃
(1 + KCO2PCO2 + KH2PH2 + KH2OPH2O + KCOPCO)2 (3.4.6)

This model will be further analyzed in Sec. 6.1.

3.4.3 Burger et al. model

In their work over a co-precipitated NiAl(O)x, Burger et al. [94] described a system in which
the methanation of a common surface intermediate of both CO and CO2 is described. Indeed,
the Burger et al. work is unique in literature because of its aim to describe the hydrogenation
of CO and CO2 via a common CO∗ intermediate, resulting from the associative adsorption
of carbon monoxide and the dissociative adsorption of carbon dioxide. Moreover, Burger et
al. concluded that both the methanation processes occur via the same RDS.
The tested operated conditions were: T = [230− 340]℃ and P = [1− 10] bar. Furthermore,
inhibition effects of water and methane were tested by means of co-feeding.
In their work, the adsorption of both CO and CO2 are not considered quasi-equilibrated, in
open contrast with all previous models presented in literature, due to the intent of describing
the interaction between the adsorbed carbonyl compound and the CO, CO2 and CH4 gaseous
species.

Table 3.4: Reaction mechanism proposed by Burger et al. [94]

Burger et al. mechanism

1) H2 + 2 l ⇌ 2 H∗

2) CO2 + H∗ + l ⇌ CO∗ + OH∗

3) CO + l ⇌ CO∗

4) CO∗ + 2 H∗ ⇌ COH∗
2 + 2 l

5) COH∗
2 + l ⇌ CH∗ + OH∗

6) CH∗ + 3 H∗ ⇌ CH4 + 4 l

7) OH∗ + H∗ ⇌ H2O + 2 l

In this mechanism, step 2 is the H-assisted adsorption of CO2 and RDS for the RWGS
reaction, while step 3 is the RDS for CO adsorption. Therefore, two rate expressions can be
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derived:
rads,CO − rdes,CO = kads,COPCOθl − kdes,COθCO (3.4.7)

rads,CO2 − rdes,CO2 = kads,CO2PCO2θHθl − kdes,CO2θCOθOH (3.4.8)

On the other hand, the RDS for co-methanation is assumed to be the decomposition of
a common COH∗

2 surface intermediate, i.e. step 5. From this step, considering also the
backwards reaction of steam reforming, this rate expression can be derived:

rmet − rSR = kmetθCOH2θl − kSRθCHθOH (3.4.9)

Due to their very complex final expression, the reaction rates for the 3 RDSs are not reported
in their final form neither here or in Table 3.5.

3.4.4 Hernandez Lalinde et al. model

In 2020 Hernandez Lalinde et al. [95] proposed a comprehensive model describing a particular
system, in which CO2 methanation and RWGS are thought as parallel reactions. This peculiar
study was performed on a Ni/Al2O3 catalyst.
In this paper, three different reaction mechanism try to summarize all the possible schemes
proposed up to the time for CO2 methanation: as we already know, still today no consensus
on a definitive reaction mechanism has been reached. These 3 mechanisms will be further
explained in Sec. 6.3, where the Hernandez Lalinde et al. model is one of those deeply
examined.
The experiments were conducted at T = [320− 420] ℃, H2/CO2 = [3− 5] mol/mol, and
P = [1.2− 7.3] bar. In addition, GHSV effect as well as possible inhibition of CH4 and H2O
were studied.
All the models presented in this paper can be summarized in one generalized rate expression
for methanation and RWGS, in which KCx is the adsorption constant of the intermediate
carbon species:

rCH4 =
k1KCxP a

CO2K b
H2P c

H2P d
H2O(1−

PCH4P 2
H2O

PCO2P 4
H2

KeqM

)

(1 + KCxP e
CO2

K f
H2

P g
H2

P h
H2O +

√︁
KH2PH2 + KOH

PH2O√︁
PH2

)2
(3.4.10)
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rRW GS =
k2PCO2K 0.5

H2 P 0.5
H2 (1− kβ

PCOPH2O

PH2PCO2KeqRW GS

)

(1 + KCxP e
CO2

K f
H2

P g
H2

P h
H2O +

√︁
KH2PH2 + KOH

PH2O√︁
PH2

)2
(3.4.11)

Analyzing the three proposed mechanisms, taking into consideration all the exponents, and
hypothesizing different RDSs, 20 distinct models can be found. The most promising one
was model 11 (RDS: COH∗ + H∗ ⇌ CH∗ + OH∗) belonging to what Hernandez Lalinde et
al. call hybrid mechanism. So, for model 11:

rCH4 =
k1KCOHP 0.5

CO2KH2PH2(1−
PCH4P 2

H2O

PCO2P 4
H2

KeqM

)

(1 + KCOHP 0.5
CO2

K 0.5
H2

P 0.5
H2

+
√︁

KH2PH2 + KOH
PH2O√︁

PH2

)2
(3.4.12)

rRW GS =
k2PCO2K 0.5

H2 P 0.5
H2 (1− kβ

PCOPH2O

PH2PCO2KeqRW GS

)

(1 + KCOHP 0.5
CO2

K 0.5
H2

P 0.5
H2

+
√︁

KH2PH2 + KOH
PH2O√︁

PH2

)2
(3.4.13)

This model will be further analyzed in Sec. 6.3

A summary of all the mechanistic comprehensive model is reported on the next page
(Table 3.5). In the next chapters, we will deeply examine some of the most promising models
among all those reported in this chapter, applying them to our experimental dataset.
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Chapter 4

Experimental Setup

As mentioned in the previous chapters, due to its optimal performance/cost ratio, its high
availability and the prospects surrounding its future applications in industrial scale plants,
Ni was chosen as the active metal for the realization of our catalyst.
Alumina was selected as catalyst support, for its beneficial interactions with the active metal
and for its very low cost, that makes Ni/Al2O3 the leading choice in taking the methanation
process to commercial scale.
Two different methods to obtain the catalyst were adopted: dry impregnation and co-

precipitation. Different loadings of Ni were tested, changing the Ni/Al ratio.

Table 4.1: Structural properties of different wt% impregnated catalysts and bare alumina.

γ −Al2O3 5Ni/Al 10Ni/Al 15Ni/Al 20Ni/Al 25Ni/Al

SBET [m2/g] 186 170 156 146 129 119

Dp,avg [nm] 10 10 10 9 9 9

Vp [cm3/g] 0.47 0.44 0.42 0.37 0.32 0.38

61



4.1. Catalyst preparation 62

Table 4.2: Structural properties of co-precipitated catalysts with different Ni/Al ratio.

NiAl0.3 NiAl0.6 NiAl1.16 NiAl2.6 NiAl6.95

SBET [m2/g] 235 283 262 168 134

Dp,avg [nm] 5.2 6.1 8.6 12 15

Vp [cm3/g] 0.32 0.58 0.76 0.63 0.61

An activity test was performed over all these catalysts [96] and, despite the best per-
formance at equal nickel loading was observed for the impregnated sample 25Ni/Al, high
loaded co-precipitated catalysts allow to maximize the specific activity, since more Ni sites
are available. For this reason, a co-precipitated sample, specifically NiAl1.16, was selected in
order to carry out our kinetic study.

4.1 Catalyst preparation

The catalyst was prepared in cooperation with Larghi and Petulicchio [96], by co-precipitation,
with a Ni/Al ratio equal to 1.16 (Nickel loading equal to 57 wt.%). The preparation procedure
was the same as reported by Abellò [97] and Koschany [90].
In this particular case, an 800 mL beaker was filled with 450 mL of demineralized water and
the system was kept under stirring at 30℃ by the electric stove for the entire process. The
salt precursor solutions of Ni(NO3)2*6H2O (by Merck ®) and Al(NO3)2*9H2O (by Sigma
Aldrich ®) were added through a burette. The pH was kept constant to 9 (±0.1), by 719 S

Titrino instrument, adding the precipitating agent solution of 0.5 M NaOH (by Merck ®)
and 0.5 M Na2CO3 (by Fischer Scientific ®). For 50 mL of salts solution, 100 – 140 mL of
precipitating agent solution was added. The system was maintained under stirring at 30℃
overnight, then it was filtered employing a Millipore pressure filter. The obtained cake was
washed with demineralized water until the pH of the filtrate was two consecutive times equal
to the pH of the washing water. 5 washing cycles were needed, corresponding to a total
volume of washing water of about 3000 mL. The washed sample was then dried at 80℃
overnight and calcined at 450℃ (5℃/min) for 6 h. The whole procedure is schematised in
Fig. 4.1
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Figure 4.1: Scheme of catalyst preparation by co-precipitation method. [96]
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4.2 Catalyst Characterization

The oxidized catalyst was then analyzed to determine its main characteristics, such as BET
surface area, pore volume, average pore diameter, crystalline structure and reducibility. The
tests performed to calculate these parameters were BET-BJH, XRD, and TPR.

4.2.1 BET-BJH

This analysis consists in the study of the adsorption and desorption of N2 at 77.15 K (-
196℃) on the catalytic surface. The BET-BJH isotherms are then employed to calculate
morphological and structural properties of the catalyst, such as the superficial area and the
pore volume. The instrument used for the measurements is a Micrometrics Tristar 3000.
In Fig. 4.2 (a) the BET curve of the catalyst is reported. The sample shows a type IV
curve, typical of mesoporous materials [98], with a hysteresis of type A, corresponding to
cylindrical-shaped pores.
The pore volume distribution, reported in Fig.4.2 (b), looks bimodal, with a sharp peak
centered at a pore diameter of 50 nm, and a second broad peak centered at higher pore
diameters. In Table 4.3 the values of BET surface area, average pore diameter and pore
volume are reported.

Table 4.3: Structural properties of the NiAl1.16 catalyst. [96]

SBET [m2/g] 262

Dp,avg [nm] 8.6

Vp [cm3/g] 0.76

4.2.2 XRD Analysis

X-Ray Diffraction can be used on sufficiently crystalline structures that are characterized
by repetitive atomic structures, which can diffract X-rays. The angle of diffraction is a
characteristic of every crystallographic plane, each identified by different Miller indices,
therefore, by knowing the elements present in the system, the XRD profile can be compared
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Figure 4.2: N2 adsorption analysis results.
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to some reference profile to find which crystalline chemical compounds were formed.

When X-rays impact the crystal, the incident ray is reflected by the crystallographic plane.
Due to the wave nature of the X-ray and the lattice periodicity, the reflected rays create
constructive interference only when Bragg’s law is valid:

2dsin(θ) = nλ (4.2.1)

Where d is the distance between crystal planes, θ the angle of impact of the X-rays on the
solid surface, n is an integer number and λ the X-rays wavelength.
The XRD analysis allows to determine the crystal structure and identify the phases when
more crystals are present. The crystal dimension can also be evaluated, by using the
Debye-Scherrer relation:

D = 0.9λ

Bcos(θ) (4.2.2)

Where B is the half peak width.
The XRD profile of the oxidized catalyst is shown in Fig. 4.3. Two species were identified
during the XRD-analysis: NiAl2O4 and NiO. Characteristics peaks of NiAl2O4 are detected
at diffraction angles of 19°, 31°, 37°, 45°, 59°, and 65°. Instead, NiO is found at 37°, 47° and
63°.
Since the Ni/Al ratio was close to 1, a large amount of nickel-aluminate phase was formed in
the precipitation process. γ-alumina was not detected, because the total amount of aluminium
precipitates as NiAl2O4, forming a spinel structure. The excess of nickel precipitates on the
surface of NiAl2O4 as NiO, strongly interacting with the support.

4.2.3 TPR Analysis

The temperature programmed reduction (TPR) is used to determine the reducibility of a
solid catalyst. A gas mixture, composed by 5% H2 in Ar, flows over the oxidized catalyst
while the temperature rises from ambient temperature to 1000℃. The measurements were
performed by a TPDRO 1100. In Fig. 4.4 the TPR curve of the calcined catalyst is reported.
The reduction of NiO generally presents a single peak located at [340− 397] ℃ [97], and this

profile witnesses that no significant amount of NiO was found. Most nickel is highly dispersed
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Figure 4.3: XRD profile of the calcined catalyst.
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Figure 4.4: TPR profile of the calcined catalyst.
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as NiAl2O4, therefore showing bad reducibility, being trapped in the spinel structure. This
explains why the reduction of this catalyst starts at 450°C, and its peak is at 700°C, while
the NiO is reduced below 400°C.
The experimental H2 consumption was calculated by multiplying the area below the TPR
curve per a conversion factor [96]. This value was compared with the maximum theoretical
H2 consumption, evaluated by assuming that Ni2+ is the only reducible species in the sample
and that all nickel is calcined in that form, meaning that the reduction proceeds as:

Ni2+ + H2 → Ni0 + H2O (4.2.3)

The ratio between the experimental and the theoretical H2 consumption was then calculated:

R =
molH2,exp

molH2,th

= 0.851 (4.2.4)

This incomplete reduction can be caused by nickel trapped in the spinel structure of NiAl2O4,
which is unreachable for H2. Another possibility is that some nickel was lost during the
washing of the catalyst.
A second analysis was performed to determine the degree of reduction, DOR, of the activated

Figure 4.5: Comparison between TPR curves of the calcined and the reduced samples.

catalyst employed during the catalytic tests in Sec. 4.4.2. The catalyst activation was
performed at 450℃ for 3 h under a H2 stream, as will be later explained in Sec. 4.4.1.
The activated catalyst was then analyzed and its TPR curve was compared to the calcined



4.3. Rig layout 69

sample in Fig. 4.5.
The DOR of the reduced sample is calculated as:

DOR(%) = AREAcalcined − AREAreduced

AREAcalcined

· 100 = 68% (4.2.5)

A high DOR corresponds to an increase in catalyst activity, but also implies that the
temperature of reduction must be increased. High reduction temperatures can worsen the
catalyst stability, leading to early catalyst deactivation. Thus, a lower degree of reduction
can be acceptable if a better catalyst stability can be ensured.

4.3 Rig layout

The rig used to test the activity of the NiAl1.16 catalyst towards CO2 methanation was
designed in such a way that three different sections can be distinguished:

• Feed section

• Reaction section

• Analysis section

The rig operates at atmospheric pressure and all the line sections requiring a temperature
higher than room temperature are heated up and externally insulated. All the lines are
realized using INOX steel tubes (INOX ASME 316 SEAMLESS) with external diameter
equal to 0.125 in.

4.3.1 Feed section

The feed section is the part of the rig where all the gas mixtures are fed and then sent to the
reactor or to the analysis section. The rig consists of three different lines which allow to sepa-
rately feed nitrogen, hydrogen and the reaction mixture (H2 78.31 %, CO2 19.69 %, Ar 2.00 %).

The line numbers have been assigned starting from the bottom line, so that this line
is considered the first one, and it corresponds to nitrogen (LINE 1 – N2). Being an inert gas,
pure nitrogen is repeatedly used during the experimental tests, to cool down the reactor



4.3. Rig layout 70

Figure 4.6: Rig picture.

or to stabilize temperature between reduction and reaction steps. Nitrogen was fed to the
plant by a gas tank stocked in the designated area outside the laboratory.

During the activity tests, pure hydrogen fed by the second line (LINE 2 – H2) is used to
perform in situ reduction of the catalyst previously to the reaction. The hydrogen was
provided by the department feed line at pressure below 5 bar.

The third line (LINE 3 – CO2/H2) is used to feed the reaction mixture containing H2, CO2

and Ar in the previously specified composition. The mixture was stocked in a specific gas
tank in the designated area outside the laboratory.
All the gas tanks are provided with pressure reducers that allow to set the pressure value to
the required level.
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In its first part, each line is provided with an ON/OFF valve, a particulate filter, a pressure
gauge and a mass flow controller (MFC). After the controller, another pressure gauge and a
non-return valve are present and followed by a vent connection, regulated by an ON/OFF
valve, and another ON/OFF valve to open or close the flow directed to the second part of
the plant.

In the last part of the feed section, the gases are mixed and they can be addressed to
the reaction section, or to the analysis section, thanks to the presence of a by-pass line. The
path followed by the gas is regulated by means of two valves, that can block or permit the
flow.

Calibration of Mass Flow Controllers

Mass Flow Controllers (MFC) are fundamental components for the plant’s operation. They
allow to manipulate and maintain the desired flow, fed to the reactor by setting a specific
valve opening.

The calibration of a Mass Flow Controller consists in relating the percentage of opening of the
valve to the correct mass flow rate. This procedure must be executed every time a new fluid is
fed into the line, since parameters can be significantly different depending on the type of fluid.

The calibration method is simply based on the use of a bubble flowmeter, a calibrated
tube containing soap at the bottom. This instrument is connected to the line in such a way
that the gas flows from the bottom to the top of the tube. The gas flow causes the formation
of a bubble that rises along the tube with a certain velocity. Given a certain opening of the
valve, the time taken by the bubble to cover the tube length is measured and related to the
gas volume.

The same procedure is repeated changing the valve opening until a suitable set of data
is obtained. The measurements are then fit to a line and its equation finally gives the
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calibration parameters of the controller. The calibration lines related to the three controllers
of the plants are reported in Fig. 4.8
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Figure 4.8: MFCs calibration.

4.3.2 Reaction Section

Once the mixture is addressed to the reactor, it enters the reaction section of the plant. The
reaction section is composed by:

• Reactor

• Reactor’s oven

• Cryostat

A pressure gauge is located right after the valve that allows the flow to access the reactor
(V-20). Both the by-pass line and the reactor feed line are heated up by means of a heat-
ing sleeve and externally insulated. A J-type thermocouple, connected to a temperature
controller, allows to set the desired value for the temperature: in this way it is possible to
pre-heat the reaction mixture before entering the reactor. During the experimental tests,
110°C was set as pre-heating temperature of the lines.

The reactor outlet line is provided with an equivalent heating system. A different thermo-
couple, again of J-type, measures the outlet temperature of the gases and by means of a
temperature controller, the temperature is set equal to 130°C.
Both inlet and outlet lines are composed by tubes with external diameter equal to 1/8 in.
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The reactor outlet line is divided into two parts: one line is directly connected to the
analysis section, while the other one passes through a cryostat where the mixture is cooled
down in order to condense the water. The condensed water is then collected in a water trap
and finally removed. The cryostat is a LAUDA–MC 350 model and works with glycol as
cooling fluid at temperature set equal to 0°C.

The reactor is placed into a thermal oven and a thermocouple is installed in order to
constantly measure the temperature of the catalytic bed. The control system of the oven al-
lows to set and control the desired temperature in the reactor, modulating the provided power.

The reactor is a 230 mm long quartz tube with a 12 mm diameter. In the bottom part the
reactor shows a porous septum that works as a solid basis for the packing, but at the same
time allows the gas products to flow through.

The packing of the reactor is designed considering the axial thermal profile of the oven: the
catalytic bed must be placed at the height level of the isothermal zone of the reactor.

Thermal profile of the reactor

The position of the isothermal zone is defined by performing a specific experimental test. In
this test, a reactor completely filled with quartz grain was used. A mobile thermocouple
was positioned at the bottom of the reactor and the power of the oven was set at a constant
value equal to 4.51 (1/s), corresponding to a starting temperature of 300°C at the bottom
of the reactor. The thermocouple was then gradually moved from the bottom to the top,
in order to measure the temperature at each point of the reactor. The measurements were
performed in consecutive steps with a distance of 0.5 cm. The procedure was then repeated
in the backward direction to compare and validate the obtained data.
The resulting thermal profile, reported in Fig. 4.9, shows how the isothermal zone is included
between 5 and 7 cm. During the activity tests, the height of the catalytic bed in the reactor
is always lower than 1 cm and for this reason the obtained result has been considered suitable
to the experimental purpose.
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Figure 4.9: Reactor’s thermal profile.

Packing of the reactor

Once the isothermal zone was defined, it was possible to design the packing of the reactor in
such a way that the catalyst was located in a proper position. For this reason, during the
experimental tests the following layers were disposed: the first 4.5 cm layer was constituted
by inert material (quartz or glass beads), then a 1 cm layer of glass wool was inserted before
the catalytic bed to separate the catalyst from the inert material. For the same purpose,
another layer of glass wool was located over the catalyst, followed by a final stratum of inert
material. The height of the catalytic layer was always kept below 1 cm.
The inert material has two main functions: at the bottom side it allows to raise the catalytic
layer up to the isothermal zone, while at the top it makes the inlet gas flow uniform.

During the tests carried out at GHSV > 20 NL/h/gcat, the catalytic layer of the reactor was
filled with 37.5 mg of catalyst and 800 mg of α-alumina, used as a thermal diluent, to ensure
uniform temperature along the axial coordinate of the reactor. Instead, 100 mg of catalyst
and 800 mg of α-alumina were loaded when conditions in which GHSV ≤ 20 NL/h/gcat were
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Figure 4.10: Laboratory reactor.

tested.

4.3.3 Analysis section

After the reaction section, the outlet line coming from the reactor connects with the by-pass
line and they are both headed to the analysis section. The analysis is performed by means
of a Agilent 3000 Micro Gas Chromatograph. Thanks to a specific valve, the instrument
discontinuously takes a sample of gas mixture, and sends it to the TCD columns. The
sample is analyzed in about three minutes.

A Thermal Conductivity Detector (TCD) is a device able to measure the thermal con-
ductivity of a gas and it is commonly used in gas chromatography. It consists of an electrical
conductor filament located at the end of the chromatographic column and constantly im-
mersed in a carrier gas. When the sample is injected into the column, the gas composition
changes and so does its thermal conductivity. As a consequence, the temperature of the
filament changes and this implies a modification of the electrical conductivity of the material.
The change of electrical conductivity is detected and measured as a voltage variation. In a
gas chromatograph, each compound is separated and goes through the column at a different
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time: in this way, the TCD filament analyzes one species at a time and produces a specific
signal, resulting in different peaks over a baseline. The time interval at which the peak
is observed allows to identify the gas species, while the peak area is representative of the
compound concentration.

In the Gas Chromatograph used during the experimental tests, four columns were present,
but just two of them were operating to get the analysis: column A and column C. Both of
them were exerted with Helium as carrier gas.

Module A

This first column is of the molecular sieves kind and is 4 m long. It operates at 55℃ and 25
psi. Since helium is used as reference gas, all the peaks were inverted and hydrogen results in
a positive peak, while all the other species are observed as a negative signal. In the module,
the following species are observed, in this position order:

• Hydrogen

• Argon or Oxygen

• Nitrogen

• Carbon monoxide

Argon and oxygen cannot be separated into the column and for this reason they are observed
as a single peak. However, during the activity tests, the second peak was normally attributed
to Argon, included in the composition of the reaction mixture.

Module C

The other column is a PLOT-Q and operates at 50℃ and 22.7 psi. Thanks to this module
it is possible to detect:

• Methane

• Carbon dioxide

• Ethane
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Figure 4.11: Module A - Chromatogram.

Figure 4.12: Module C - Chromatogram.

Calculation of response factors

The output signal from a chromatographic analysis is collected in a graph called chro-
matogram: it describes the voltage signal as a function of time and it is constituted by a
series of peaks. The area of a single peak is proportional to the concentration of a specific
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compound, according to the following relation:

Ai

Ci

fi = Aref

Cref

(4.3.1)

Where Ai and Ci are area and concentration of a specific component, while Aref and Cref

respectively correspond to area and concentration of the reference component. The pro-
portional constant fi is called response factor of the i-component and it is experimentally
derived through the calibration of the instrument.

The calibration is a procedure that allows the measured area to be related to the con-
centration of a certain component, and requires the utilization of a sample with known
composition. This sample mixture must contain all the elements expected to be present
during the catalytic tests.

A fundamental role is played by the reference component, which allows to calculate the
reference factor as:

fi = Aref

Cref

Ci

Ai

(4.3.2)

In this specific case, Argon was chosen as the reference component, since it behaves like an
inert in the reaction environment and it is present, with known composition, in the feed
mixture.

Table 4.4: Composition of the calibration mixture, concentrations %.

Ar N2 CH4 CO CO2 C2H6 H2

3.060 3.030 19.920 0.293 12.020 0.104 61.573

It is worth to mention that two areas related to the same component are different when ana-
lyzed in two different columns. This divergence is observed due to the specific measurement
distribution that characterizes each column. For this reason, to relate the measurements of
the two different columns, the calibration mixture must contain an element that is detected
by both column A and C, in this case methane.

During the calibration procedure, the mixture was fed to the reactor and multiple analysis
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were collected at stable composition. For each analysis, the ratio Ai

Aref
was calculated and an

average value was defined. It was then possible to compute the response factors reported in
Table 4.5.

Table 4.5: Response factors.

fH2/Ar fN2/Ar f
CH4/Ar

fCO/Ar fCO2/CH4 fC2H6/CH4

27.3246 1.0914 1.2870 1.1324 0.6925 0.6650

4.4 Experimental Procedure

In the following section we will analyze how the experimental dataset was collected, starting
from the reduction of the catalyst and then proceeding in describing the typical procedure
under which data were collected.

4.4.1 Catalyst Activation

After the calcination, the catalyst had to be reduced to be active towards CO2 methanation.
Hence, the catalyst was loaded in the reactor as reported in Sec. 4.3.2, then its reduction
was performed.

The reduction was carried out under a stream of pure hydrogen at a space velocity of
18 NL/h/gcat, with a specific temperature program. Starting from room temperature, the
system was heated up to 450℃, with a rate of 1℃/min. After 3 h at 450℃, the temperature
was reduced to 250℃ at a rate of 5℃/min.
When the temperature was stable at 250℃, the H2 stream was substituted first with a N2

stream to inert the bed, then the reacting mixture of H2/CO2 was introduced, at a space
velocity of 50 NL/h/gcat, to start the experimental activity.

Despite no significant catalyst deactivation was detected during the operation, the cat-
alyst was periodically substituted to collect data at very different operative conditions. After
every reactor loading, the same reduction procedure was carried out, and temperature tests
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Figure 4.13: Temperature program for reduction.

were performed to verify the activity of the catalyst. (Sec. 4.4.2)

4.4.2 Catalytic Tests

The catalyst activity can now be examined. At first, the temperature effect was tested, by
heating the system to 250, 270, 290, 310, 330, 350, 370, 390℃. Each temperature value
was kept constant for 45 minutes to collect at least 6 stable outlet composition analyses.
After every reactor loading, the same testing procedure was performed to make sure that
the catalyst had always the same activity. For each reactor loading, the CO2 conversion
never differed more than 2% at every temperature tested.

Overnight no test was performed, so the reactor was taken at room temperature and
under a nitrogen stream, to avoid air infiltration. In the morning, before any test, tem-
perature was increased to 250℃ at a rate of 2℃/min. The nitrogen stream was then
substituted by the H2/CO2 stream, at a GHSV equal to 50 NL/h/gcat. The CO2 conversion
was measured and compared to the one found during the temperature effect testing, taken
as a reference. If the difference between the measured and the reference CO2 conversion was
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more than 1% then the catalyst was conditioned, by heating up the system to 350℃, at a
rate of 2℃/min. After 30 min at 350℃, the temperature was brought back to 250℃, where
the CO2 conversion was always in the acceptable range. Thus, the catalytic tests could be
executed.

In all the performed tests pressure was always maintained equal to 1 atm, while the effect of
temperature at different GHSV, H2/CO2 ratio, and inert composition were studied.

Temperature effect was studied at different GHSV values (10, 20, and 50 NL/h/gcat), with
steps of 20℃. In these tests, H2/CO2 ratio and the inert fraction were kept equal to 3.98
and 2% respectively. When space velocity was equal to 10 and 20 NL/h/gcat, the reactor was
loaded with 100 mg of catalyst, while at 50 NL/h/gcat, 37.5 mg were loaded, as explained in
Sec. 4.3.2.

GHSV effect was studied at 250 and 290℃. The H2/CO2 ratio and the fraction of in-
ert were kept equal to 3.98 and 2% respectively. Space velocities studied at 250℃ were 5,
10, 15, 20, 30, 40, 50, 60, 70, and 80 NL/h/gcat, while at 290℃ 5, 10, 15, 20, 30, and 50
NL/h/gcat were investigated.

The inert effect was studied at 290℃ and H2/CO2 ratio equal to 3.98. This effect was
studied at different inert co-feed: 2, 10, 15, 20, 30, 35, 40%, through the addition of N2, while
the H2/CO2 flow was kept constant.

The H2/CO2 ratio effect was studied at 250 and 290℃, at a constant space velocity of
50 NL/h/gcat. H2/CO2 ratios equal to 1, 2, 3, 4, and 5 were studied at both PH2 and
PCO2 constant. In order to study the low H2/CO2 ratio conditions, the H2/CO2 tank was
substituted by a specific tank with H2/CO2 ratio equal to 1 (H2 49%, CO2 49.01%, Ar 1.99%).
H2/CO2, H2, and N2 flows were managed to keep a constant space velocity while the H2/CO2

ratio changed.
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Table 4.6: Experimental data collection.

Effect Temperature [°C] GHSV [NL/h/gcat] H2/CO2 [−] Inert [%]

Temperature

250− 390 50

3.98 2210− 350 20

190− 290 10

GHSV
250 5− 50

3.98 2
290 5− 80

Inert 290 50− 81.67 3.98 2− 40

H2/CO2 PCO2 const.
250

50 1− 5 0.67− 66.89
290

H2/CO2 PH2 const.
250

50 1− 5 1.99− 41.2
290

In Table 4.6 the experimental data collection is summarized, while the complete experimental
dataset used to perform the regressions in Ch. 5, 6, and 7 is reported in Appendix B.

In Fig. 4.14 and 4.15 the effect of the different parameters on CO2 conversion and CO
selectivity is shown, as observed from the experimental analysis. For sake of completeness,
the calculated errors are reported for each measure. The errors were estimated on the basis
of the product/converted carbon balance and on the standard deviations of the outlet flow
rates:

δrel
c = (

F out
CH4 + F out

CO + 2F out
C2H6

F in
CO2
− F out

CO2

− 1) + Xc

σc

(4.4.1)

Where δrel
c is the relative error of the calculated parameter, F out

i are the outlet flow rates
measured by the chromatograph, Xc is the calculated parameter, and σc is the standard
deviation of the calculated parameter. The absolute error can be evaluated as:

δabs
c = δrel

c Xc (4.4.2)

As a reference, the graphs also report the corresponding equilibrium curves.
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Figure 4.14: CO2 Conversion data plots.
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Figure 4.15: CO Selectivity data plots.
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4.4.3 Assessment of Transport Limitations

In a kinetic study, it is important to work in a full chemical regime, to ensure uniform
composition and temperature along the radial coordinate of the reactor. The following
Mears criteria were then verified [99]:

• Interparticle mass transfer:
rCO2ρbrp|n|

kcCCO2

< 0.15 (4.4.3)

• Interparticle heat transfer:

|∆HR|rCO2ρbrpEa

hT 2Rg

< 0.15 (4.4.4)

• Intraparticle mass transfer:
rCO2ρbr

2
p|n|

Deff,CO2CCO2

< 1 (4.4.5)

• Intraparticle heat transfer:
|∆HR|rCO2ρbr

2
pEa

λeffT 2Rg

< 1 (4.4.6)

The observed reaction rate rCO2 was evaluated at the reactor inlet, which represents the most
stringent condition, using the Koschany rate expression (Eq. 3.3.4). Only Sabatier reaction
enthalpy was considered and it was assumed constant and equal to the standard enthalpy of
reaction (∆HR,298K = −165 kJ/mol). The catalyst density ρc and the catalytic bed density
ρb were assumed constant and equal to 1470 kg/m3 and 860 kg/m3 respectively. The average
particle radius rp is about 50 µm. The average pore radius of the catalyst was equal to 8.6
nm, therefore DCO2 was in full Knudsen regime. Deff,CO2 has been evaluated by considering
a catalyst tortuosity to void fraction ratio equal to 10. The effective alumina conductivity
λeff was assumed equal to 0.25 W/m/K. Fluid dynamic properties were estimated using the
databases included in the Aspen HYSIS®software, and heat and mass transfer coefficients
by correlation equations reported by Wakao et Kaguei in Heat and Mass Transfer in Packed

Beds [100].

The interparticle mass and heat transfer and the intraparticle heat transfer criteria were
all respected. On the contrary, the intraparticle mass transfer criterion was not fulfilled at
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temperatures above 330°C. However, since most of the data were collected at 290°C, the
diffusional limitations were considered ineffective in the performed regressions.



Chapter 5

CO2 Direct Methanation Models

In this chapter we will analyze kinetic models proposed in literature, whose aim was to
describe the process of carbon dioxide methanation, outlining only the direct pathway
through Sabatier reaction.
In particular, we will apply these models to our experimental dataset (Appendix B.1),
collected, as explained in the previous chapters, on a co-precipitated Ni/Al2O3 catalyst,
where the Ni/Al molar ratio is equal to 1.16, corresponding to a Nickel loading of 57% wt.
The main target of our kinetic modelling work is to find a rate expression that can properly
fit our data, at the same time describing and predicting all the effects linked to the main
operating conditions. Our focus will be on:

• Temperature effect;

• GHSV effect;

• H2

CO2
effect;

• Inert effect;

A proper kinetic model is fundamental for any future development of the process: an optimal
industrial reactor can be designed exploiting an appropriate kinetic expression, achieving
desired performances while minimizing costs.

88
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Despite many kinetic expressions proposed in Ch. 3 were obtained studying a differential
reactor ([74], [75], [81], [82], [78]), these process conditions are very different from the ones
adopted on industrial level, whose main target is to maximize SNG productivity. For this
reason, our dataset will simulate as much as possible industrial conditions.

In this chapter, our focus will be on these models:

• Lunde-Kester model; (Sec. 3.2.4)

• Koschany model; (Sec. 3.3.4)

• Modified Koschany model;

Before diving into the description of each model, a detailed analysis of how the non-linear
regression to find the adaptive parameters was performed is presented.

5.1 Kinetic modelling

We will define adaptive parameters those parameters that are found through a non-linear
regression that best fit our experimental dataset. The fitting of these adaptive parameters
will be performed with Microsoft Fortran®.

Having assessed that no significant transport limitations were present in the process of data
collection, we can describe our laboratory reactor through a plug-flow model working in full
chemical regime.
Therefore, we can define a one dimensional pseudo-homogeneous plug-flow model through
the following set of reactions:

dFi

dWcat

=
NR∑︂
j=1

νi,j · rj (5.1.1)

Fi|Wcat=0 = F IN
i (5.1.2)
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where:

• Fi is the molar flow of species i;

• F IN
i is the molar flow of species i in the reactor inlet;

• Wcat is the mass of catalyst loaded in the reactor;

• νi,j is the stoichiometric coefficient of species i in reaction j;

• rj is the rate of reaction j;

In calculating the different rate expressions, rate constants were treated as Arrenhius type:

ki(T ) = k0,i · exp
(︃
− Eai

RT

)︃
(5.1.3)

where k0,i is the pre-exponential factor, Eai is the activation energy of reaction i and R is
the universal gas constant, equal to 8.314 J/(mol · K). When performing the non-linear
regression, rate constants were parameterized, to ensure code stability:

ki(T ) = exp
[︃
k∗

0,i −
Eai

R
·
(︃

1
T
− 1

Tref

)︃]︃
(5.1.4)

From this relation, the actual pre-exponential factor can be re-calculated as:

k0,i =
exp

(︃
k∗

0,i + Eai

RTref

)︃
1× 106 (5.1.5)

The division for 1× 106 is necessary if one wants to report a value of k0 in mol/(s · gcat): in
our Fortran® code, inlet molar flow rates are in µmol/(s · gcat).
In each of our regressions, Tref = 563.15K = 290℃. This choice was made based on the fact
that most of the data were collected at a temperature of 290℃.

As previously said, our non-linear regression is performed with the help of Microsoft For-
tran®, which works exploiting very efficient and robust algorithms. Indeed, Fortran works
by minimizing an objective function, defined as:

F =
∑︂

z

∑︁k
i=1(y

exp
i,z − ycalc

i,z )2

s2
z

(5.1.6)
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where k is the total number of experimental data, z is an index relative to the considered
dependent variable (either χCO2 or σCO), s2

z is the variance of the considered variable, yexp
i,z

are the experimental points and ycalc
i,z the calculated ones.

The variance of a variable can be calculated as:

s2
z =

n∑︂
i=1

∑︁pi

j=1(y
exp
z,ij − yexp

z,i )2

pi − 1 (5.1.7)

Where pi is the number of times a particular condition was studied, yexp
z,ij is the dependent

variable z tested in an i condition j times and yexp
z,i is the average of the considered variable

in the pi attempts.
In our work, these values were found:

s2
χCO2

= 1.1929× 10−6 (5.1.8)

s2
σCO

= 1.0422× 10−4 (5.1.9)

Together with a set of first guess values for the parameters to calculate, variances of the
variables are an input to the system.

When the code calculates the best-fitting adaptive parameters, our Fortran® code prints
a correlation matrix, a mean percentage error and a correlation index, through which the
quality of the regression is illustrated.
In particular, when two parameters are correlated, it means that they are mathematically
related to each other through some implicit functions, that is a functional relationship that
does not depend on adaptive parameters.

The mean percentage error is calculated as:

MPE = 100%
n

n∑︂
i=1

yexp
z,i − ycalc

z,i

yexp
z,i

(5.1.10)

While the correlation index is:

R2
z =

∑︁k
i=1(y

exp
z,i − yexp

z,i )(ycalc
z,i − ycalc

z,i )√︂∑︁k
i=1(y

exp
z,i − yexp

z,i )2∑︁k
i=1(ycalc

z,i − ycalc
z,i )2

(5.1.11)
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When performing regressions, our input for the first guess values will be for k∗
0,i, so from

values reported on papers we can calculate this parameterized pre-exponential factor as:

k∗
0,i = ln (k0,i)−

Eai

RTref

(5.1.12)

In full analogy with kinetic rate constants, adsorption constants can be determined as:

Ki(T ) = K0,i · exp
(︃
− ∆Hi

RT

)︃
(5.1.13)

Where K0,i is the adsorption pre-exponential factor and ∆Hi is adsorption enthalpy of the
different species. Again, to ensure more stability in the regression, these parameters where
parameterized:

Ki(T ) = exp
[︃
K∗

0,i −
∆Hi

R
·
(︃

1
T
− 1

Tref

)︃]︃
(5.1.14)

So:
K0,i = exp

(︃
K∗

0,i + ∆Hi

RTref

)︃
(5.1.15)

K∗
0,i = ln (K0,i)−

∆Hi

RTref

(5.1.16)

Finally, in every regression the equilibrium constant for Sabatier reaction was calculated
through the correlation proposed by Lunde and Kester:

Keq(T ) = exp
[︂(︂ 1

1.987

)︂(︂56000
T 2 + 34633

T
− 16.4 ln T + 0.00557·T

)︂
+ 33.165

]︂
(5.1.17)

After having found adaptive parameters for each model, a simulation of different conditions
was performed with Fortran®.
A small detail should be noted: when reporting errors relative to k0 and K0, a propagation
of errors must be done, exploiting the following relations:

∆(k0,i) = k∗
0,i· [∆(k∗

0) + ∆( Ea

RTref

)] (5.1.18)

∆(K0,i) = K∗
0,i· [∆(K∗

0) + ∆( ∆Hi

RTref

)] (5.1.19)

We can now start describing the kinetic models that were analyzed in our work.
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5.2 Lunde − Kester Model

As briefly described in Sec. 3.2.4, Lunde-Kester model is considered a milestone for Ru-based
methanation, and still today is widely employed [84], [101], [102].
We decided to verify if this empirical model could work with a Ni-based experimental dataset,
and if it could predict the operating conditions effect.

In their work, Lunde and Kester proposed this rate expression to describe the process:

rCH4 = k
(︂

PCO2P 4
H2 −

PCH4P 2
H2O

Keq

)︂n

(5.2.1)

So, the parameters to be calculated are k∗
0, Ea, n.

Table 5.1: Estimated parameters for Lunde-Kester model.

Parameter Value U.o.M

k∗
0 8.26± 1.20× 10−3 -

Ea 88.55± 0.05 kJ/mol

n 7.89× 10−4 ± 1.47× 10−6 -

Table 5.2: Correlation matrix of the Lunde-Kester model.

k∗
0 Ea n

k∗
0 1.00E+00 -6.49E-02 -9.28E-01

Ea -6.49E-02 1.00E+00 2.52E-01

n -9.28E-01 2.52E-01 1.00E+00

We can observe that the activation energy value is quite consistent if compared to other
values proposed in CO2 methanation literature on nickel catalysts [90], [82], [87].

The value of n is very small if compared to what was found by Lunde and Kester (n=0.225)
[83], but a strong correlation with the modified pre-exponential factor influences this value:
a small value of n is balanced by the output value of k∗

0. Moreover the correlation is of
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inverse type: the higher the k∗
0, the lower the n, and vice versa (Table 5.2).

Table 5.3: Quality of the regression for Lunde-Kester model.

Parameter Value

MPE 10.7%

R2 0.985

The MPE of this model is quite high for a model that describes only CO2 conversion, but a
good correlation index witnesses the good quality of the fitting.

Table 5.4: Kinetic parameters for Lunde-Kester model.

Parameter Value U.o.M

k0 6.31× 105 ± 7.36× 103 mol/(s · gcat · atm5n)

Ea 88.55± 0.05 kJ/mol

n 7.89× 10−4 ± 1.47× 10−6 -

The parity plot (Fig. 5.1) shows how the model slightly underestimates low conversions, at
the same time overestimating high conversions.
This trend is confirmed by the simulation plots (Fig. 5.2), where the model tends to reach
the thermodynamic equilibrium faster than it should at high conversions (high temperatures
or very low GHSV).
This behaviour of the model is revealed also examining the H2/CO2 ratio, where equilibrium
is reached even at low CO2 conversions. On the other hand, inert effect is well simulated,
because carbon dioxide conversion is in a middle range, far from equilibrium.

This attempt to implement the Lunde-Kester model on a Ni-based catalyst shows that a
more complex model must be developed to include some inhibition effects, particularly when
high conversions are involved. This behaviour is justified by the fact that this is an empirical
model developed on Ru-based catalysts, for which the model still performs very well.
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Figure 5.1: Parity plot of the Lunde-Kester model.
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Figure 5.2: Simulation plots of the Lunde-Kester model.
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5.3 Koschany et al. Model

Koschany et al. proposed a mechanistic model which can describe CO2 methanation through
Sabatier reaction. Their study was conducted on a NiAl(O)x catalyst [90], as briefly explained
in Sec. 3.3.4.
In their work, Koschany et al. proposed two different mechanisms: a direct C-O bond cleavage

(Sec. 2.4.2) one and another one, similar to a RWGS + CO Hydro scheme (Sec. 2.4.1). The
carbide mechanism (mechanism A) is proposed in strict analogy with the one proposed by
Weatherbee and Bartholomew [87] and reported in Sec. 3.3.1.

Table 5.5: Mechanisms for CO2 methanation proposed by Koschany et al.

Mechanism A Mechanism B

1) CO2 + 2 l ⇌ CO∗ + O∗ 1) CO2 + 2 l ⇌ CO∗ + O∗

2) H2 + 2 l ⇌ 2 H∗ 2) H2 + 2 l ⇌ 2 H∗

3) CO∗ + l ⇌ C∗ + O∗ 3) CO∗ + H∗ ⇌ CHO∗ + l

4) C∗ + H∗ ⇌ CH∗ + l 4) CHO∗ + l ⇌ CH∗ + O∗

5) O∗ + H∗ ⇌ OH∗ + l 5) CH∗ + 3 H∗ ⇌ CH∗
4 + 3 l

6) OH∗ + H∗ ⇌ H2O∗ + l 6) CH∗
4 ⇌ CH4 + l

7) H2O∗ ⇌ H2O + l 7) O∗ + H∗ ⇌ OH∗ + l

8) CH∗ + 3 H∗ ⇌ CH∗
4 + 3 l 8) OH∗ + H∗ ⇌ H2O∗ + l

9) CH∗
4 ⇌ CH4 + l 9) H2O∗ ⇌ H2O + l

The final rate expression proposed by Koschany et al. is derived from mechanism B, assuming
step 3 as RDS of the process, steps 3 and 7 as irreversible and species H, CO and OH as
MASI.
The driving force term

(︂
1−

PCH4P 2
H2O

PCO2P 4
H2

Keq

)︂
is not present in the model derivation, but it is

unilaterally reported, knowing that it should be present.
Expedients about reactions 3 and 7 being irreversible and the inclusion of an equilibrium
term are not explained by the authors, neither from a theoretical nor an experimental point
of view.
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The proposed reaction rate is:

rCH4 =
kP 0.5

H2 P 0.5
CO2

(︂
1−

PCH4P 2
H2O

PCO2P 4
H2

Keq

)︂
(︂

1 + KOH
PH2O

P 0.5
H2

+ KH2P 0.5
H2

+ KmixP 0.5
CO2

)︂2 (5.3.1)

Adaptive parameters to be calculated for this model are:
k∗

0, Ea, K∗
0,OH , ∆HOH , K∗

0,H2 , ∆HH2 , K∗
0,mix, ∆Hmix.

Table 5.6: Estimated parameters of Koschany et al. model.

Parameter Value U.o.M

k∗
0 9.77± 4.98× 10−2 −

Ea 92.79± 1.38 kJ/mol

K∗
0,OH 2.80± 2.53× 10−2 −

∆HOH 6.37± 0.68 kJ/mol

K∗
0,H2

9.24× 10−1 ± 3.40× 10−2 −

∆HH2 −0.83± 0.42 kJ/mol

K∗
0,mix 2.30± 2.91× 10−2 −

∆Hmix 2.82± 1.32 kJ/mol

To evaluate the quality of the regression, we here report the correlation matrix, MPE and
R2.

Table 5.7: Correlation matrix of the Koschany et al. model.

k∗
0 Ea K∗

0,OH ∆HOH K∗
0,H2 ∆HH2 K∗

0,mix ∆Hmix

k∗
0 1.00E+00 2.35E-01 9.97E-01 2.28E-01 9.17E-01 2.05E-01 9.72E-01 1.97E-01

Ea 2.35E-01 1.00E+00 2.41E-01 9.82E-01 4.66E-02 -2.09E-01 3.21E-01 .83E-01

K∗
0,OH 9.97E-01 2.41E-01 1.00E+00 2.32E-01 9.11E-01 2.10E-01 9.67E-01 1.99E-01

∆HOH 2.28E-01 9.82E-01 2.31E-01 1.00E+00 4.53E-02 -2.03E-01 3.11E-01 9.59E-01

K∗
0,H2 9.17E-01 4.66E-02 9.11E-01 4.53E-02 1.00E+00 3.16E-01 8.03E-01 5.69E-03

∆HH2 2.05E-01 -2.09E-01 2.10E-01 -2.03E-01 3.16E-01 1.00E+00 1.18E-01 -3.67E-01

K∗
0,mix 9.72E-01 3.21E-01 9.67E-01 3.11E-01 8.03E-01 1.18E-01 1.00E+00 2.92E-01

∆Hmix 1.97E-01 9.83E-01 1.99E-01 9.59E-01 5.62E-03 -3.67E-01 2.92E-01 1.00E+00
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Table 5.8: Quality of the regression of the Koschany et al. model.

Parameter Value

MPE 3.27%

R2 0.998

The results obtained adopting the Koschany et al. model are excellent, as witnessed by
both MPE and R2 values and confirmed by the plots reported in Fig. 5.4.
Despite this, significant differences are present with the values found by Koschany et al. in
their paper.

Table 5.9: Kinetic parameters of Koschany et al. model and comparison with Koschany et al.

results. [90]

Parameter Value Koschany et al U.o.M

k0 7.07× 106 ± 2.44× 106 6.81× 103 ± 1.10× 104 mol/(s · gcat · atm)

Ea 92.79± 1.38 77.5± 6.9 kJ/mol

K0,OH 6.41× 101 ± 1.09× 101 6.41× 101 ± 9.54× 101 atm−0.5

∆HOH 6.37± 0.68 22.4± 6.4 kJ/mol

K0,H2 2.11± 2.59× 10−1 1.15× 10−1 ± 2.70× 10−1 atm−0.5

∆HH2 −0.83± 0.42 −6.2± 10 kJ/mol

K0,mix 1.83× 101 ± 5.67 1.00× 10−1 ± 1.36× 10−1 atm−0.5

∆Hmix 2.82± 1.32 −10± 5.7 kJ/mol



5.3. Koschany et al. Model 99

0 2 0 4 0 6 0 8 0 1 0 0
0

2 0

4 0

6 0

8 0

1 0 0
 T
 G H S V
 H 2 / C O 2
 I n e r t

Ca
lcu

lat
ed

 Co
nv

ers
ion

 (%
)

E x p e r i m e n t a l  C o n v e r s i o n  ( % )

Figure 5.3: Parity plot for of Koschany et al. model.
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Figure 5.4: Simulation plots of the Koschany et al. model.
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5.3.1 Instability Problems

Despite the excellent results obtained in our work with the Koschany model, we discovered
some instability problems: when searching for the minimum in the objective function F

(Eq. 5.1.6), many different minima were found, strongly depending on the first guess values
chosen as input. Indeed, two sets of different first guess values were tried, leading to very
different results.

Table 5.10: Kinetic parameters of unstable Koschany et al. model.

Parameter Value (unstable model) Value (from Sec. 5.3) U.o.M

k0 1.09× 105 ± 2.38× 104 7.07× 106 ± 2.44× 106 mol/(s · gcat · atm)

Ea 78.88± 0.91 92.79± 1.38 kJ/mol

K0,OH 6.85± 0.79 6.41× 101 ± 1.09× 101 atm−0.5

∆HOH 1.27± 0.48 6.37± 0.68 kJ/mol

K0,H2 1.48× 1033 ± 2.74× 1034 2.11± 2.59× 10−1 atm−0.5

∆HH2 413.72± 75.60 −0.83± 0.42 kJ/mol

K0,mix 1.24± 0.18 18.30± 5.67 atm−0.5

∆Hmix −8.06± 0.59 2.82± 1.32 kJ/mol

The results clearly reflect an instability of the model, as witnessed by the value of K0,H2 ,
which represents a physical non-sense.
However, this weakness of the system is not reflected neither in the parity plot or in the
values of both MPE and R2.

Table 5.11: Quality of the regression of the unstable Koschany et al. model.

Parameter Value

MPE 4.29%

R2 0.985
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Figure 5.5: Parity plot of the unstable Koschany et al. model.
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Figure 5.6: (a) Unstable KH2 as function of temperature. (b) Unstable initial reaction rate r0 as

function of temperature, with yinert=0.02 and H2/CO2=3.98.

The instability is evident for temperatures higher than 400℃, when CO2 conversion declines
abruptly. This behaviour becomes clear if the values of KH2 against temperature are plotted:
KH2 tends to infinity and, being a term at denominator, makes the reaction rate converge
to zero (Fig. 5.6).
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Figure 5.7: Simulation plots of the unstable Koschany et al. model.
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5.3.2 Modified Koschany et al. Model

Analyzing in detail the model, we found many inconsistencies, as previously illustrated. For
this reason, we decided to try and derive the Koschany model from mechanism B (Tab. 5.5).
The detailed derivation of the model can be found in Appendix C.1.
We decided to keep all reactions as irreversible (steps 3 and 7 were considered reversible in
the Koschany et al. derivation), keeping step 3 as RDS of the process and species H, CO and
OH as MASI, in full analogy with the procedure followed by Koschany et al. in their work.
In this case, the resulting reaction rate is:

rCH4,mod =
k

PCO2P 1.5
H2

PH2O

(︂
1−

PCH4P 2
H2O

PCO2P 4
H2

Keq

)︂
(︂

1 + KOH
PH2O

P 0.5
H2

+ KH2P 0.5
H2

+ Kmix
PCO2PH2

PH2O

)︂2 (5.3.2)

A big difference with the expression proposed by Koschany et al. is the presence of water
partial pressure at numerator. Again, the parameters to be calculated are:
k∗

0, Ea, K∗
0,OH , ∆HOH , K∗

0,H2 , ∆HH2 , K∗
0,mix, ∆Hmix.

Table 5.12: Estimated parameters of the modified Koschany et al. model.

Parameter Value U.o.M

k∗
0 8.00± 2.50× 10−2 −

Ea 89.83± 1.75 kJ/mol

K∗
0,OH −0.303± 2.48× 10−2 −

∆HOH 29.56± 1.57 kJ/mol

K∗
0,H2

1.17± 1.81× 10−2 −

∆HH2 −26.69± 1.04 kJ/mol

K∗
0,mix −0.227± 1.22× 10−2 −

∆Hmix 35.08± 0.97 kJ/mol

An increase in MPE can be observed if we compare this model with the original Koschany
one, but still the fitting is very good. Despite this, a problem is produced by the presence of
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Table 5.13: Correlation matrix of the modified Koschany et al. model.

k∗
0 Ea K∗

0,OH ∆HOH K∗
0,H2 ∆HH2 K∗

0,mix ∆Hmix

k∗
0 1.00E+00 1.74E-02 7.63E-01 -4.03E-02 9.89E-01 1.36E-01 9.92E-01 -8.09E-04

Ea 1.75E-02 1.00E+00 1.53E-01 8.65E-01 -2.92E-02 9.84E-01 5.15E-02 9.90E-01

K∗
0,OH 7.63E-01 1.53E-01 1.00E+00 -1.79E-01 6.74E-01 1.94E-01 7.99E-01 1.54E-01

∆HOH -4.03E-02 8.65E-01 -1.79E-01 1.00E+00 -3.13E-02 8.74E-01 -3.76E-02 8.42E-01

K∗
0,H2 9.89E-01 -2.92E-02 6.74E-01 -3.13E-02 1.00E+00 1.04E-01 9.64E-01 -5.58E-02

∆HH2 1.36E-01 9.84E-01 1.94E-01 8.74E-01 1.04E-01 1.00E+00 1.57E-01 9.60E-01

K∗
0,mix 9.92E-01 5.15E-02 7.99E-01 -3.76E-02 9.64E-01 1.57E-01 1.00E+00 4.38E-02

∆Hmix -7.72E-04 9.90E-01 1.54E-01 8.42E-01 -5.58E-02 9.60E-01 4.38E-02 1.00E+00

Table 5.14: Quality of the regression of the modified Koschany et al. model.

Parameter Value

MPE 5.64%

R2 0.995

PH2O at numerator: if water inlet molar fraction is equal to zero, the reaction rate is not
mathematically defined.

Table 5.15: Kinetic parameters of the modified Koschany et al. model.

Parameter Value U.o.M

k0 6.44× 105 ± 2.57× 105 mol/(s · gcat · atm1.5)

Ea 89.83± 1.47 kJ/mol

K0,OH 407± 205 atm−0.5

∆HOH 29.56± 1.57 kJ/mol

K0,H2 1.08× 10−2 ± 2.59× 10−3 atm−0.5

∆HH2 −26.69± 1.04 kJ/mol

K0,mix 1430± 301 atm−1

∆Hmix 35.08± 0.97 kJ/mol
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Figure 5.8: Parity plot of the modified Koschany et al. model.
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Figure 5.9: Simulation plots of the modified Koschany et al. model.
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Low conversion simulations of this model have unusual results. To further clarify the
trend predicted by the model, we will focus on adsorption terms present at denominator,
with a particular interest on how the reaction rate changes along the reactor at different
water inlet molar flow rates.
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Figure 5.10: Top: Partial pressure profiles; Middle: Adsorption terms profiles; Bottom: Reaction

rate profile; Inside the reactor at different inlet water flow rates, calculated at 290 °C, H2/CO2=3.98,

GHSV=50 NL/h/gcat, and y0
inert=0.02, for the modified Koschany et al. model. (a) Fin

H2O = 10−6

mol/s. (b) Fin
H2O = 10−9 mol/s. (c) Fin

H2O = 10−12 mol/s

.

As can be observed in the figures reported above, a strong weakness of this model is the
presence of PH2O at numerator. Indeed, reaction rate should be at its maximum at the
beginning of the reactor, while in this case a maximum is observed inside the reactor, as
soon as a certain quantity of water is formed.
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This is very evident in Fig. 5.10 (bottom (a)): in this case, we hypothesized a water co-feed of
1× 106 mol/s, corresponding to a y0

H2O = 4.30%; CO2 methanation rate is at its maximum
at the beginning, decreasing along the reactor coordinate. On the contrary, if a water co-feed
of 1× 1012 mol/s is considered (y0

H2O = 4.30× 10−8 ≈ 0), the model cannot predict the
correct theoretical behaviour of the reaction. Further studies must be done to understand
how water affects this particular model.

We then tried to introduce some modifications, deriving what we will call LCCP mod-

ification.

Table 5.16: Mechanism proposed in the LCCP modification for Koschany et al. model.

LCCP Mechanism

1) CO2 + l ⇌ CO∗
2

2) H2 + 2 l ⇌ 2 H∗

3) CO∗
2 + H∗ ⇌ CO∗ + OH∗

4) CO∗ + H∗ ⇌ CHO∗ + l

5) CHO∗ + H∗ ⇌ CH∗ + OH∗

6) CH∗ + 3 H∗ ⇌ CH∗
4 + 3 l

7) CH∗
4 ⇌ CH4 + l

8) OH∗ + H∗ ⇌ H2O∗ + l

9) H2O∗ ⇌ H2O + l

Modifications introduced are the H-assisted dissociation of CO2 and the presence of H∗ in
step 5, which leads to the formation of OH∗ rather than molecular O∗. These modifications
were suggested based on previous knowledge inside the LCCP research group, which were
proposed also in literature [11], [45]. When deriving a rate expression from this mechanism,
a reaction rate identical to the one identified in Eq. 5.3.2 is obtained, with all the prob-
lems related to water presence. The complete derivation of this model is reported in App. C.2.

Despite some ambiguities concerning the Koschany model, this model constitutes a valid
option for systems whose aim is describing the solo CO2 methanation through the direct
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path of Sabatier reaction. However, despite no consensus has been reached on reaction
mechanisms, many academics agree in believing the indirect path of RWGS followed by
methanation of CO to be predominant for methane formation.
For this reason, many studies are now focusing on the kinetics of carbon monoxide formation:
Koschany et al. did not analyze this option, and did not include CO formation in their study,
justifying this choice by saying that in their experiments CO concentration was always below
1000 ppm.
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Chapter 6

Comprehensive Methanation Models

In this chapter, we will focus on models that hypothesize CO formation in their scheme, and
are therefore able to describe its formation: in particular, we are interested on selectivity to
CO in different operating conditions (i.e. temperature, GHSV, H2/CO2 and inert effect).
Being σCO much lower than CO2 conversion in the same operating condition, we decided to
introduce a modification in our Fortran® code, multiplying CO selectivity per 50. In this
way, CO2 conversion and CO selectivity have almost the same weight in the regression, and
adaptive parameters must fit both experimental χCO2 and σCO.
If this modification is not introduced, χCO2 has a much higher weight in the regression,
therefore adaptive parameters are calculated trying to "fit more" experimental carbon dioxide
conversion, almost neglecting selectivity to CO.

When analyzing these kind of models, these correlations to calculate equilibrium constants
were adopted:

Keq,CO2meth(T ) = exp
[︂(︂ 1

1.987

)︂(︂56000
T 2 + 34633

T
− 16.4 ln T + 0.00557·T

)︂
+ 33.165

]︂
(6.0.1)

Keq,RW GS(T ) = 1
10−2.4198+3.855 × 10−4·T +2180.9·T −1 (6.0.2)

Keq,COmeth
(T ) = 104.1002 × 10−5·T 2−0.08025·T +39.6039 (6.0.3)

Eq. 6.0.1 was proposed by Lunde-Kester [83] while both Eq. 6.0.2 and Eq. 6.0.3 by Farsi et
al. in their work [86].

110
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In this chapter, we will focus on different models that tried to describe the path and
conditions of CO formation; in particular, we will analyze the:

• Champon et al. model; (Sec. 3.4.2)

• Farsi et al. model; (Sec. 3.2.5)

• Hernandez Lalinde et al. model; (Sec. 3.4.4)
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6.1 Champon et al. Model

The Champon et al. model [93] is a mechanistic comprehensive triangular model, strongly
resembling the one proposed by Xu and Froment in 1989 [92].
By proposing a triangular scheme, Champon et al. wanted to describe both the direct path
of CO2 methanation via Sabatier reaction and the indirect path via RWGS followed by CO
methanation.

Their work was developed based on experiments conducted on a Ni/Al2O3 catalyst: at
first, a reactor operating in differential mode was exploited to identify literature models that
could properly fit the experimental dataset, then an integral reactor was studied, so that
further modifications could be introduced, to obtain the best possible fitting.

Champon et al. proceeded by selecting the most promising literature models for the
description of each of the three reactions present in the system. Therefore, kinetic rate
expressions by Xu-Froment [92] and Weatherbee-Bartholomew [87] were analyzed as a possi-
bility to describe Sabatier reaction rate. Both this expressions were rejected by Champon et
al., due to their inefficiency in fitting the experimental dataset.
Regarding the description of the Sabatier reaction rate, an usual procedure was adopted:
the direct water-gas shift reaction rate proposed by Wheeler et al. [103] was adapted for
CO2 methanation, when working with the differential reactor.

rCO2meth,adapted
=

kCO2meth
KH2KCO2PH2PCO2

(1 + KCO2PCO2 + KH2PH2)2 (6.1.1)

The authors also decided to include a water inhibition term and to unilaterally add the
equilibrium driving force term (Eq. 6.1.2), knowing it should be present if one wants to
predict behaviours in near-equilibrium conditions.

A clear mechanism that can describe the phenomenology of the system is not reported
by Champon et al., but in their modification of the original Wheeler model, the reaction
CO∗

2 + H∗
2 → CO∗ + H2O∗ was chosen as RDS for the CO2 methanation reaction. The final
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rate of reaction proposed by Champon et al. for direct CO2 methanation is:

rCO2meth
=

kCO2meth
KH2KCO2PH2PCO2

(︃
1−

PCH4P 2
H2O

P 4
H2

PCO2Keq,CO2meth

)︃
(1 + KCO2PCO2 + KH2PH2 + KH2OPH2O + KCOPCO)2 (6.1.2)

For the reverse water-gas shift reaction, Champon et al. decided to adapt a kinetic expression
proposed by Spencer et al. [104] in their study on activation energies of both WGS and
RWGS. Therefore, the RDS of this reaction was considered CO2 dissociative adsorption
(CO2 + l→ CO + O∗) and the following relation was tested in differential conditions:

rRW GSdiff
= kRW GSKCO2PCO2

(1 + KH2PH2 + KCO2PCO2) (6.1.3)

Again, when the reactor was operated in integral mode, the equilibrium term was unilaterally
added. Moreover, Champon et al. hypothesized a significant competition for the adsorption
of all species present in the set of reactions, except for methane, and the following relation
was obtained:

rRW GS =
kRW GSKCO2PCO2

(︃
1− PCOPH2O

PH2PCO2Keq,RW GS

)︃
(1 + KCO2PCO2 + KH2PH2 + KH2OPH2O + KCOPCO) (6.1.4)

For carbon monoxide methanation, Champon et al. decided to adopt the correlation proposed
for CO2 methanation and study it in the case of a low conversion CO methanation reaction,
with a feed of H2/CO, further modifying it so that it can describe equilibrium conditions.
The following relation was obtained:

rCOmeth
=

kCOmeth
KH2KCOPH2PCO

(︃
1− PCH4PH2O

P 3
H2

PCOKeq,COmeth

)︃
(1 + KCO2PCO2 + KH2PH2 + KH2OPH2O + KCOPCO)2 (6.1.5)

Despite the many modifications proposed and introduced, this is the only triangular model
proposed in literature for CO2 methanation up to now, together with the Xu-Froment one
[92]. Being the latter widely studied and discussed, we decided to focus on the new Champon
et al. model, for its innovation potentialities. Moreover, the Xu-Froment model was focused
on steam-reforming reaction, while the main target of Champon et al. was describing CO2

methanation on a Ni/Al2O3 catalyst.
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Many more modifications need to be introduced for this peculiar model, being very com-
plex for a regression calculus. Indeed, adaptive parameters to be calculated are 14: k∗

0,CO2meth,

EaCO2meth, k∗
0,RW GS, EaRW GS, k∗

0,COmeth, EaCOmeth, K∗
0,CO2 , ∆HCO2 , K∗

0,H2 , ∆HH2 , K∗
0,H2O,

∆HH2O, K∗
0,CO, ∆HCO.

We never succeeded in calculating all the adaptive parameters. Investigating the causes,
we discovered the problem was given by the two adaptive parameters of water adsorption
(K∗

0,H2O, ∆HH2O). To try and solve this issue, we chose to isolate these two parameters,
fixing all the other adaptive parameters linked to adsorption species. Still, the regression
could not come to an end, as shown by the correlation matrix in Table 6.1. In our experience,
we have learned that when a parameter is not correlated at all with the others, it is not
included in the regression calculus.

Table 6.1: Correlation matrix of the Champon et al. model with fixed adsorption parameters,

except water.

k∗
0,CO2 meth EaCO2 meth k∗

0,RW GS EaRW GS k∗
0,CO meth EaCO meth K∗

0,H2O ∆HH2O

k∗
0,CO2 meth 1.00E+00 5.77E-02 3.61E-01 -2.92E-02 -7.61E-02 -5.54E-02 0.00E+00 0.00E+00

EaCO2 meth 5.77E-02 1.00E+00 -3.03E-02 3.88E-01 -4.72E-02 -8.33E-02 0.00E+00 0.00E+00

k∗
0,RW GS 3.61E-01 -3.03E-02 1.00E+00 3.69E-01 7.53E-01 3.71E-01 0.00E+00 0.00E+00

EaRW GS -2.92E-02 3.88E-01 3.69E-01 1.00E+00 3.28E-01 7.86E-01 0.00E+00 0.00E+00

k∗
0,CO meth -7.61E-02 -4.72E-02 7.53E-01 3.28E-01 1.00E+00 2.85E-01 0.00E+00 0.00E+00

EaCO meth -5.54E-02 -8.33E-02 3.71E-01 7.86E-01 2.85E-01 1.00E+00 0.00E+00 0.00E+00

K∗
0,H2O 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+30

∆HH2O 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.00E+30 0.00E+00

To further try to solve this matter, we decided to fix the two parameters related to water adsorption

and see if the code could converge to a final result and how good the possible fitting was.
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6.1.1 Champon et al. Model with fixed water adsorption parameters

In this model, we decided to introduce this modification so that K∗
0,H2O and ∆HH2O were left

outside the regression calculus: in this way we wanted to prove if the code could converge to

reasonable values. Through Eq. 5.1.16, we calculated K∗
0,H2O from the value of K0,H2O reported

by Champon et al.; therefore, these values were fixed: K∗
0,H2O = 2.495, ∆HH2O = −14.5 kJ/mol.

In this case the adaptive parameters to be calculated are still 12, namely k∗
0,CO2meth

, EaCO2meth
,

k∗
0,RW GS , EaRW GS , k∗

0,COmeth
, EaCOmeth

, K∗
0,CO2

, ∆HCO2 , K∗
0,H2

, ∆HH2 , K∗
0,CO, ∆HCO.

Table 6.2: Estimated parameters of the Champon et al. model. with fixed water adsorption

parameters.

Parameter Value U.o.M

k∗
0,CO2meth

6.67± 4.54× 10−3 −

EaCO2meth
107.09± 0.18 kJ/mol

k∗
0,RW GS 1.51± 7.39× 10−3 −

EaRW GS 88.86± 0.46 kJ/mol

k∗
0,COmeth

−1.64± 2.06× 10−2 −

EaCOmeth
−86.77± 1.09 kJ/mol

K∗
0,CO2

4.05± 1.35× 10−2 −

∆HCO2 −20.67± 0.33 kJ/mol

K∗
0,H2

3.04± 1.01× 10−2 −

∆HH2 −7.90± 0.53 kJ/mol

K∗
0,CO 9.86± 1.21× 10−2 −

∆H∗
CO 0.22± 0.10 kJ/mol

As clearly proven by the MPE values, this model works pretty well in fitting and predicting

trends for carbon dioxide conversion, while it fails when trying to fit selectivity to CO. This

behaviour is clearly shown in the parity plots and when plotting trends in different operating

conditions (Fig. 6.1, 6.2, 6.3). This nature of the model can not be ascribed to an high correlation

between parameters, as witnessed by its correlation matrix (Fig. 6.5).
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Figure 6.1: Parity plots of the Champon et al. model, with fixed water adsorption parameters. (a)

CO2 conversion. (b) CO selectivity.

Table 6.3: Quality of the regression of the Champon et al. model with fixed water adsorption

parameters.

Parameter Value

MPEχCO2
5.91%

R2
χCO2

0.993

MPEσCO 52.6%

R2
σCO

0.901

For sake of completeness, we report the calculated kinetic parameters, confronted with the

values reported by Champon et al.: we can observe some deep differences, the most evident of

which is the value of k0,COmeth
. Indeed, in our calculation the value of this parameter clearly

suggests a possible omission of the CO methanation reaction, being its pre-exponential factor so

little if compared to those of the other two reactions and its activation energy negative, a physical

non-sense.

As shown by graphs related to CO selectivity, the model does not fit at all any of the experimental

data, in any operating condition, while still performs very well in predicting CO2 conversion

trends, even if some problems can be detected at high conversions, where the model runs into the
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Table 6.4: Kinetic parameters of the Champon et al. model with fixed water adsorption parameters

and comparison with Champon et al. results. [93]

Parameter Value Champon et al. U.o.M

k0,CO2meth
6.78× 106 ± 2.96× 105 1.90× 106 mol/(s · gcat)

EaCO2meth
107.09± 0.18 110 kJ/mol

k0,RW GS 7.93× 102 ± 8.33× 101 2.97× 104 mol/(s · gcat)

EaRW GS 88.86± 0.46 97.1 kJ/mol

k0,COmeth
1.69× 10−15 ± 4.30× 10−16 3.72× 104 mol/(s · gcat)

EaCOmeth
−86.77± 1.09 97.3 kJ/mol

K0,CO2 6.93× 10−1 ± 5.75× 10−2 1.07 atm−1

∆HCO2 −20.67± 0.33 −9.72 kJ/mol

K0,H2 3.88± 4.82× 10−1 5.20× 10−5 atm−1

∆HH2 −7.90± 0.53 −52.0 kJ/mol

K0,CO 2.02× 104 ± 6.86× 102 2.39× 10−3 atm−1

∆HCO 0.22± 0.10 −40.6 kJ/mol

K0,H2O 6.09× 10−1 6.09× 10−1 atm−1

∆HH2O −14.5 −14.5 kJ/mol

equilibrium curve. This issue is evident for high temperatures or low GHSV values (Fig. 6.2).

As previously explained, a very low pre-exponential factor for CO methanation reaction can be

observed, but, before proceeding in removing CO methanation reaction from the scheme, leaning

towards a model similar to the Hernandez Lalinde et al. [95] one, who described a system where

CO2 methanation took place in parallel with RWGS, we decided to fix all the adsorption parameters

with values equal to the ones proposed by Champon et al..

Adopting this procedure, we can investigate only kinetic adaptive parameters, leaving those relative

to adsorption constants out of the calculus, and see if an improvement of the model takes place.
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Figure 6.2: CO2 conversion simulation plots of the Champon et al. model, with fixed water

adsorption parameters.
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parameters.



6.1. Champon et al. Model 120

Ta
bl

e
6.

5:
C

or
re

la
tio

n
m

at
rix

of
th

e
C

ha
m

po
n

et
al

.
m

od
el

,w
ith

fix
ed

wa
te

r
ad

so
rp

tio
n

pa
ra

m
et

er
s.

k
∗ 0,

C
O

2 m
e

t
h

E
a

C
O

2 m
e

t
h

k
∗ 0,

R
W

G
S

E
a

R
W

G
S

k
∗ 0,

C
O

m
e

t
h

E
a

C
O

m
e

t
h

K
∗ 0,

C
O

2
∆

H
C

O
2

K
∗ 0,

H
2

∆
H

H
2

K
∗ 0,

C
O

∆
H

C
O

k
∗ 0,

C
O

2 m
e

t
h

1.
00

E
+

00
8.

24
E

-0
1

8.
39

E
-0

1
3.

30
E

-0
1

3.
43

E
-0

1
2.

82
E

-0
1

-5
.0

7E
-0

1
-2

.9
0E

-0
1

-1
.3

6E
-0

1
5.

99
E

-0
2

-5
.2

0E
-0

2
4.

12
E

-0
2

E
a

C
O

2 m
e

t
h

8.
24

E
-0

1
1.

00
E

+
00

6.
51

E
-0

1
2.

82
E

-0
1

4.
52

E
-0

2
-1

.3
5E

-0
2

-3
.2

9E
-0

1
-3

.5
4E

-0
1

-3
.5

4E
-0

2
-1

.5
3E

-0
1

4.
10

E
-0

2
-1

.0
9E

-0
1

k
∗ 0,

R
W

G
S

8.
38

E
-0

1
6.

51
E

-0
1

1.
00

E
+

00
5.

46
E

-0
1

2.
04

E
-0

1
1.

55
E

-0
1

-7
.1

7E
-0

1
-4

.6
7E

-0
1

-1
.3

9E
-0

1
3.

12
E

-0
1

-2
.8

4E
-0

1
-1

.3
8E

-0
3

E
a

R
W

G
S

3.
30

E
-0

1
2.

82
E

-0
1

5.
46

E
-0

1
1.

00
E

+
00

1.
35

E
-0

3
-1

.8
6E

-0
1

-5
.1

9E
-0

1
-7

.7
1E

-0
1

-1
.8

8E
-0

1
8.

55
E

-0
1

-3
.5

1E
-0

1
1.

58
E

-0
1

k
∗ 0,

C
O

m
e

t
h

3.
43

E
-0

1
4.

52
E

-0
2

2.
04

E
-0

1
1.

35
E

-0
3

1.
00

E
+

00
9.

35
E

-0
1

-1
.1

0E
-0

1
2.

21
E

-0
1

-1
.1

0E
-0

1
1.

17
E

-0
1

4.
39

E
-0

2
1.

24
E

-0
1

E
a

C
O

m
e

t
h

2.
82

E
-0

1
-1

.3
5E

-0
2

1.
55

E
-0

1
-1

.8
6E

-0
1

9.
35

E
-0

1
1.

00
E

+
00

-9
.0

1E
-0

2
4.

25
E

-0
1

-1
.2

3E
-0

1
-9

.8
8E

-0
2

2.
42

E
-0

2
-2

.3
9E

-0
2

K
∗ 0,

C
O

2
-5

.0
7E

-0
1

-3
.2

9E
-0

1
-7

.1
7E

-0
1

-5
.1

9E
-0

1
-1

.1
0E

-0
1

-9
.0

1E
-0

2
1.

00
E

+
00

3.
83

E
-0

1
7.

33
E

-0
1

-3
.7

3E
-0

1
8.

51
E

-0
1

-7
.2

4E
-0

2

∆
H

C
O

2
-2

.9
0E

-0
1

-3
.5

4E
-0

1
-4

.6
7E

-0
1

-7
.7

1E
-0

1
2.

21
E

-0
1

4.
25

E
-0

1
3.

83
E

-0
1

1.
00

E
+

00
-3

.7
5E

-0
2

-6
.2

8E
-0

1
1.

49
E

-0
1

-4
.5

8E
-0

2

K
∗ 0,

H
2

-1
.3

6E
-0

1
-3

.5
4E

-0
2

-1
.3

9E
-0

1
-1

.8
8E

-0
1

-1
.1

0E
-0

1
-1

.2
3E

-0
1

7.
33

E
-0

1
-3

.7
5E

-0
2

1.
00

E
+

00
-1

.2
5E

-0
1

9.
10

E
-0

1
-1

.2
4E

-0
1

∆
H

H
2

5.
99

E
-0

2
-1

.5
3E

-0
1

3.
12

E
-0

1
8.

55
E

-0
1

1.
17

E
-0

1
-9

.8
8E

-0
2

-3
.7

3E
-0

1
-6

.2
8E

-0
1

-1
.2

5E
-0

1
1.

00
E

+
00

-2
.9

9E
-0

1
4.

26
E

-0
1

K
∗ 0,

C
O

-5
.2

0E
-0

2
4.

10
E

-0
2

-2
.8

4E
-0

1
-3

.5
1E

-0
1

4.
39

E
-0

2
2.

42
E

-0
2

8.
51

E
-0

1
1.

49
E

-0
1

9.
10

E
-0

1
-2

.9
9E

-0
1

1.
00

E
+

00
-8

.1
7E

-0
2

∆
H

C
O

4.
12

E
-0

2
-1

.0
9E

-0
1

-1
.3

8E
-0

3
1.

58
E

-0
1

1.
24

E
-0

1
-2

.3
9E

-0
2

-7
.2

4E
-0

2
-4

.5
8E

-0
2

-1
.2

4E
-0

1
4.

26
E

-0
1

-8
.1

7E
-0

2
1.

00
E

+
00



6.1. Champon et al. Model 121

6.1.2 Champon et al. Model with fixed adsorption parameters

In order to focus only on adaptive parameters related to kinetic constants, as previously explained

said in Sec. 6.1.1, we decided to fix all adsorption parameters, calculating K∗
0,i through Eq.5.1.16

from the values proposed by Champon et al. in their paper. Therefore, these values were fixed:

K∗
0,CO2

= 2.072, ∆HCO2 = −9.72 kJ/mol, K∗
0,H2

= 0.861, ∆HH2 = −52 kJ/mol,

K∗
0,H2O = 2.495, ∆HH2O = −14.5 kJ/mol, K∗

0,CO = 2.337, ∆HCO = −40.6 kJ/mol.

Adaptive parameters to be calculated are only those related to kinetic constants:

k∗
0,CO2meth, EaCO2meth, k∗

0,RW GS , EaRW GS , k∗
0,COmeth, EaCOmeth.

Table 6.6: Estimated parameteres of the Champon et al. model. with fixed adsorption parameters.

Parameter Value U.o.M

k∗
0,CO2meth

6.07± 4.30× 10−4 −

EaCO2meth
85.55± 4.61× 10−2 kJ/mol

k∗
0,RW GS 1.46± 3.04× 10−3 −

EaRW GS 47.53± 0.27 kJ/mol

k∗
0,COmeth

5.45± 1.41× 10−2 −

EaCOmeth
−25.55± 0.70 kJ/mol

Table 6.7: Correlation matrix of the Champon et al. model with fixed adsorption parameters.

k∗
0,CO2meth

EaCO2meth
k∗

0,RW GS EaRW GS k∗
0,COmeth

EaCOmeth

k∗
0,CO2meth

1.00E+00 4.33E-01 2.49E-03 9.64E-02 -1.96E-01 -1.30E-01

EaCO2meth
4.33E-01 1.00E+00 8.52E-02 2.07E-02 2.31E-02 -9.81E-02

k∗
0,RW GS 2.49E-03 8.52E-02 1.00E+00 3.02E-01 8.15E-01 6.20E-01

EaRW GS 9.64E-02 2.07E-02 3.02E-01 1.00E+00 5.27E-02 6.09E-01

k∗
0,COmeth

-1.96E-01 2.31E-02 8.15E-01 5.27E-02 1.00E+00 7.18E-01

EaCOmeth
-1.30E-01 -9.81E-02 6.20E-01 6.09E-01 7.18E-01 1.00E+00

The regression leads a great improvement of the fitting, with a significant reduction of MPEσCO ,

at the expenses of MPEχCO2
, which has an important increase.

The MPE of selectivity to carbon monoxide is still very high, but trends are simulated in the right
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Table 6.8: Quality of the regression of the Champon et al. model with fixed adsorption parameters.

Parameter Value

MPEχCO2
14.1%

R2
χCO2

0.976

MPEσCO 26.1%

R2
σCO

0.972

"form". The model clearly needs further improvements to fit the selectivity to CO better.

Again, activation energy of CO methanation has a negative value, suggesting the extreme velocity

of that reaction: once CO is formed, it is immediately consumed by its methanation reaction.

Table 6.9: Kinetic parameters of the Champon et al. model with fixed adsorption parameters and

comparison with Champon et al. results. [93]

Parameter Value Champon et a. U.o.M

k0,CO2meth
3.74× 104 ± 3.84× 102 1.90× 106 mol/(s · gcat)

EaCO2meth
85.55± 4.61× 10−2 110 kJ/mol

k0,RW GS 1.10× 10−1 ± 6.73× 10−3 2.97× 104 mol/(s · gcat)

EaRW GS 47.53± 0.27 97.1 kJ/mol

k0,COmeth
9.97× 10−7 ± 1.63× 10−7 3.72× 104 mol/(s · gcat)

EaCOmeth
−25.55± 0.70 97.3 kJ/mol

As a step forward in our process of adaptation of the Champon et al. model, two different

modifications can be introduced: the first is the removal of the Sabatier reaction from the process;

the second is the removal of CO methanation reaction from reaction scheme. When giving rise to

these modifications, the scheme is no more a triangular one, but reactions are described either in

series or in parallel. A study on how this affects the quality of the fitting must be done.
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Figure 6.4: Parity plots of the Champon et al. model, with fixed adsorption parameters. (a) CO2

conversion. (b) CO selectivity.
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Figure 6.5: CO2 conversion simulation plots of the Champon et al. model, with fixed adsorption

parameters.
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Figure 6.6: CO selectivity simulation plots of the Champon et al. model, with fixed adsorption

parameters.
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6.1.3 Champon et al. Model without direct CO2 methanation

In this variation we decided to unilaterally remove Sabatier reaction from the reaction scheme,

hypothesizing that carbon dioxide methanation takes place through a RWGS reaction followed by

a CO methanation reaction.

So this modification of the Champon et al. model will be based on the following reaction scheme:

1. CO2 + H2 ⇌ CO + H2O ∆H0
R,298K = +41.2 kJ

mol

2. CO + 3 H2 ⇌ CH4 + H2O ∆H0
R,298K = −206.3 kJ

mol

In this model, adaptive parameters to be calculated are: k∗
0,RW GS , EaRW GS ,

k∗
0,COmeth

, EaCOmeth
, K∗

0,CO2
, ∆HCO2 , K∗

0,H2
, ∆HH2 , K∗

0,CO, ∆HCO.

Water adsorption parameters were left outside the calculus, and were not fixed to the values

calculated by Champon et al., because even by fixing them the model could not converge to a

solution.

Table 6.10: Estimated parameters of the Champon et al. model. without direct CO2 methanation

and water adsorption parameters.

Parameter Value U.o.M

k∗
0,RW GS 5.53± 3.28× 10−3 −

EaRW GS 67.02± 0.41 kJ/mol

k∗
0,COmeth

17.70± 0.51 −

EaCOmeth
−38.87± 9.68 kJ/mol

K∗
0,CO2

1.37± 4.53× 10−3 −

∆HCO2 32.26± 0.54 kJ/mol

K∗
0,H2

−0.31± 8.94× 10−3 −

∆HH2 5.57± 0.70 kJ/mol

K∗
0,CO 5.38± 0.51 −

∆H∗
CO 38.87± 9.82 kJ/mol
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Table 6.11: Quality of the regression of the Champon et al. model without direct CO2 methanation

and water adsorption parameters.

Parameter Value

MPEχCO2
11.1%

R2
χCO2

0.981

MPEσCO 23.3%

R2
σCO

0.977

An additional improvement in the ability of the proposed kinetic expressions to describe the

phenomenology of the system is given by the simultaneous reduction of both MPEχCO2
and

MPEσCO . This improvement is witnessed also by the graphs, where a significant improvement of

trends can be observed in the fitting of CO selectivity.

Table 6.12: Kinetic parameters of the Champon model without direct CO2 methanation and water

adsorption parameters, and comparison with Champon et al. results. [93]

Parameter Value Champon et al. U.o.M

k0,RW GS 4.15× 102 ± 3.78× 101 2.97× 104 mol/(s · gcat)

EaRW GS 67.02± 0.41 97.1 kJ/mol

k0,COmeth
1.21× 10−2 ± 3.12× 10−2 3.72× 104 mol/(s · gcat)

EaCOmeth
−38.87± 9.68 97.3 kJ/mol

K0,CO2 3.85× 103 ± 4.93× 102 4.64× 102 atm−1

∆HCO2 32.26± 0.54 −9.72 kJ/mol

K0,H2 2.42± 3.81× 10−2 5.20× 10−5 atm−1

∆HH2 5.57± 0.70 −52.0 kJ/mol

K0,CO 1.84× 101 ± 4.79× 101 2.39× 10−3 atm−1

∆HCO 38.87± 9.82 −40.6 kJ/mol
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Figure 6.7: Parity plots of the Champon et al. model, without direct CO2 methanation and water

adsorption parameters. (a) CO2 conversion. (b) CO selectivity.

In disagreement with what was suggested by the model with fixed adsorption parameters (Sec.

6.1.2), this model witnesses the relative indifference of the direct CO2 methanation pathway through

Sabatier reaction. Indeed, the direct methanation is very unlikely to take place as it is, involving

the contemporary transfer of eight electrons in reducing the carbon species from carbon dioxide to

methane.

In conclusion, this model performs pretty well in describing the kinetics of the system, despite a

strong forcing is introduced by unilaterally removing carbon dioxide methanation reaction from

the process.

To have a better understanding and a valid comparison, we decided to introduce a final modification:

re-introducing carbon dioxide methanation and removing CO methanation from the mechanism. In

this way, the remaining reactions, CO2 methanation and RWGS take place in parallel, resembling

what was proposed by Hernandez Lalinde et al. in their model [95].
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Figure 6.8: CO2 conversion simulation plots of the Champon et al. model, without direct CO2

methanation and water adsorption parameters.
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Figure 6.9: CO selectivity simulation plots of the Champon et al. model, without direct CO2

methanation and water adsorption parameters.
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6.1.4 Champon et al. Model without CO methanation

As a counter-proof to the removal of the Sabatier reaction from the process, in this modification we

decided to remove CO methanation, to verify that the complete model can work very well without

the direct CO2 methanation reaction, but can not operate a good fitting and predict good trends if

carbon monoxide methanation is removed.

In this case, then, the system is described by two parallel reactions:

1. CO2 + 4 H2 ⇌ CH4 + 2 H2O ∆H0
R,298K = −165.1 kJ

mol

2. CO2 + H2 ⇌ CO + H2O ∆H0
R,298K = +41.2 kJ

mol

In full analogy with the model without Sabatier reaction, we decided to leave water adsorption

parameters outside the regression calculus. So, in this case, the parameters to be calculated are:

k∗
0,CO2meth, EaCO2meth, k∗

0,RW GS , EaRW GS , K∗
0,CO2

, ∆HCO2 ,

K∗
0,H2

, ∆HH2 , K∗
0,H2O, ∆HH2O, K∗

0,CO, ∆HCO.

Table 6.14: Estimated parameters of the Champon et al. model. without CO methanation and

water adsorption parameter.

Parameter Value U.o.M

k∗
0,CO2meth

6.30± 2.76× 10−3 −

EaCO2meth
93.15± 0.14 kJ/mol

k∗
0,RW GS 1.31± 5.16× 10−3 −

EaRW GS 101.39± 0.33 kJ/mol

K∗
0,CO2

4.21± 1.86× 10−2 −

∆HCO2 −12.51± 0.51 kJ/mol

K∗
0,H2

3.03± 1.85× 10−2 −

∆HH2 1.82± 0.34 kJ/mol

K∗
0,CO 9.37± 1.85× 10−2 −

∆H∗
CO −3.44± 0.39 kJ/mol
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Table 6.15: Quality of the regression of the Champon et al. model without CO methanation and

water adsorption parameters.

Parameter Value

MPEχCO2
5.03%

R2
χCO2

0.996

MPEσCO 89.4%

R2
σCO

0.922

As widely expected, the model has a very considerable worsening in fitting and predicting the

values of CO selectivity, proving the importance of the inclusion of carbon monoxide methanation

reaction in the system. Moreover, also the trends of carbon dioxide conversion have a slight

worsening, with the model that runs into equilibrium far before than where it should (Fig. 6.11,

Temperature Effect).

Table 6.16: Kinetic parameters of the Champon et al. model without CO methanation and water

adsorption parameters and comparison with Champon et al. results. [93]

Parameter Value Champon et al. U.o.M

k0,CO2meth
2.39× 105 ± 7.62× 103 1.90× 106 mol/(s · gcat)

EaCO2meth
93.15± 0.14 110 kJ/mol

k0,RW GS 9.39× 103 ± 7.02× 102 2.97× 104 mol/(s · gcat)

EaRW GS 101.39± 0.33 97.1 kJ/mol

K0,CO2 4.67± 5.94× 10−1 1.07 atm−1

∆HCO2 −12.51± 0.51 −9.72 kJ/mol

K0,H2 3.06× 101 ± 2.78 5.20× 10−5 atm−1

∆HH2 1.82± 0.34 −52.0 kJ/mol

K0,CO 5.60× 104 ± 5.70× 102 2.39× 10−3 atm−1

∆HCO −3.44± 0.39 −40.6 kJ/mol
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Figure 6.10: Parity plots of the Champon et al. model, without direct CO methanation and water

adsorption parameters. (a) CO2 conversion. (b) CO selectivity.
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Figure 6.11: CO2 conversion simulation plots of the Champon et al. model, without direct CO

methanation and water adsorption parameters.
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Figure 6.12: CO selectivity simulation plots of the Champon et al. model, without direct CO

methanation and water adsorption parameters.



6.1. Champon et al. Model 135

Ta
bl

e
6.

17
:C

or
re

la
tio

n
m

at
rix

of
th

e
C

ha
m

po
n

et
al

.
m

od
el

w
ith

ou
t

C
O

m
et

ha
na

tio
n

an
d

wa
te

r
ad

so
rp

tio
n

pa
ra

m
et

er
.

k
∗ 0,

C
O

2 m
e

t
h

E
a

C
O

2 m
e

t
h

k
∗ 0,

R
W

G
S

E
a

R
W

G
S

K
∗ 0,

C
O

2
∆

H
C

O
2

K
∗ 0,

H
2

∆
H

H
2

K
∗ 0,

C
O

∆
H

C
O

k
∗ 0,

C
O

2 m
e

t
h

1.
00

E
+

00
6.

39
E

-0
1

6.
44

E
-0

1
2.

20
E

-0
1

-5
.8

3E
-0

1
8.

41
E

-0
2

-4
.7

7E
-0

1
9.

16
E

-0
2

-4
.3

4E
-0

1
1.

72
E

-0
1

E
a

C
O

2 m
e

t
h

6.
39

E
-0

1
1.

00
E

+
00

5.
31

E
-0

1
1.

29
E

-0
1

-1
.1

9E
-0

1
1.

11
E

-0
2

-6
.8

7E
-0

3
-4

.4
3E

-0
1

5.
37

E
-0

3
5.

06
E

-0
2

k
∗ 0,

R
W

G
S

6.
44

E
-0

1
5.

31
E

-0
1

1.
00

E
+

00
5.

23
E

-0
1

-3
.8

6E
-0

1
-3

.6
3E

-0
1

-6
.8

2E
-0

2
-7

.2
2E

-0
2

-2
.0

4E
-0

1
-2

.8
9E

-0
1

E
a

R
W

G
S

2.
20

E
-0

1
1.

29
E

-0
1

5.
23

E
-0

1
1.

00
E

+
00

-2
.0

2E
-0

1
-7

.7
6E

-0
1

-2
.2

6E
-0

2
1.

82
E

-0
1

-1
.2

9E
-0

1
-6

.5
1E

-0
1

K
∗ 0,

C
O

2
-5

.8
3E

-0
1

-1
.1

9E
-0

1
-3

.8
6E

-0
1

-2
.0

2E
-0

1
1.

00
E

+
00

-1
.2

6E
-0

1
9.

32
E

-0
1

-4
.3

1E
-0

1
9.

73
E

-0
1

-2
.3

6E
-0

1

∆
H

C
O

2
8.

41
E

-0
2

1.
11

E
-0

2
-3

.6
3E

-0
1

-7
.7

6E
-0

1
-1

.2
6E

-0
1

1.
00

E
+

00
-3

.1
3E

-0
1

2.
31

E
-0

1
-1

.9
2E

-0
1

9.
28

E
-0

1

K
∗ 0,

H
2

-4
.7

7E
-0

1
-6

.8
8E

-0
3

-6
.8

2E
-0

2
-2

.2
6E

-0
2

9.
32

E
-0

1
-3

.1
3E

-0
1

1.
00

E
+

00
-4

.6
5E

-0
1

9.
73

E
-0

1
-3

.8
9E

-0
1

∆
H

H
2

9.
16

E
-0

2
-4

.4
3E

-0
1

-7
.2

2E
-0

2
1.

82
E

-0
1

-4
.3

1E
-0

1
2.

31
E

-0
1

-4
.6

5E
-0

1
1.

00
E

+
00

-4
.5

5E
-0

1
4.

40
E

-0
1

K
∗ 0,

C
O

-4
.3

4E
-0

1
5.

37
E

-0
3

-2
.0

4E
-0

1
-1

.2
9E

-0
1

9.
73

E
-0

1
-1

.9
2E

-0
1

9.
73

E
-0

1
-4

.5
5E

-0
1

1.
00

E
+

00
-2

.8
0E

-0
1

∆
H

C
O

1.
72

E
-0

1
5.

06
E

-0
2

-2
.8

9E
-0

1
-6

.5
1E

-0
1

-2
.3

6E
-0

1
9.

28
E

-0
1

-3
.8

9E
-0

1
4.

40
E

-0
1

-2
.8

0E
-0

1
1.

00
E

+
00



6.1. Champon et al. Model 136

6.1.5 Champon et al. Model - conclusions

This model was proposed as an innovation inside the field of carbon dioxide methanation and as

an upgrade of the Xu-Froment model, due its triangular nature, resembling the one proposed by

Xu-Froment [92].

The many modifications and adaptations introduced by the authors, however, make this model

very weak from a theoretical point of view and many other modifications need to be introduced to

make the model work properly.

In particular, the models with fixed water adsorption constant and fixed adsorption constants can

not be applied as they are for an industrial application, but should rather be considered as first

guess values for further studies.

Some conclusions can be formulated: when the direct path of Sabatier reaction is neglected,

the model performs pretty well, confirming the significant predominance of the RWGS + CO

methanation path, as further confirmed if one tries to remove CO methanation from the system.

Moreover, from these simulations the RDS of all the process seems to be the RWGS reaction:

negative values of activation energy for the CO methanation reaction were often found, showing

that once CO is formed, the system immediately wants to transform it into CH4.

Further studies and a final discrimination to understand the intrinsic dualism of RWGS and

carbon monoxide methanation, together with the understanding of which one between RWGS and

CO methanation is the RDS process should be conducted.
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6.2 Farsi et al. Model

The model proposed by Farsi et al. [86] describes the process of carbon dioxide methanation in

operating conditions that try to simulate the ones useful for an industrial application, with a

particular focus on the selectivity to carbon monoxide in different conditions.

Their model was developed on a bimetallic catalyst, i.e. Ni3Fe/Al2O3. The system was hypothe-

sized as the series of RWGS followed by CO methanation reaction to describe CO2 methanation;

moreover, their study was conducted on a peculiar laboratory reactor: a microstructured packed bed

reactor with internal cross-flow cooling channels, which could easily manage the high exothermicity

of methanation reactions.

Thus, the model Farsi et al. chose to describe the phenomenology of the system was a 1D non-

isothermal plug flow: together with the use of a bimetallic catalyst, this feature makes this model

the only one to have these characteristics among the ones we chose to analyze.

So, according to Farsi et al., the system is fully described through the following set of equa-

tions:

1. CO2 + H2 ⇌ CO + H2O ∆H0
R,298K = +41.2 kJ

mol

2. CO + 3 H2 ⇌ CH4 + H2O ∆H0
R,298K = −206.3 kJ

mol

Three different literature models were analyzed by Farsi et al. before developing one on their own:

the Koschany et al. model [90], deeply analyzed also in this thesis work, the Kopyschinski et al.

model [105], which focuses on CO methanation but lacks the ability to describe the approach

to equilibrium, and the Zhang et al. model [106], underlining the deficiencies of each of these models.

As reported in Sec. 3.2.5, Farsi et al. proposed general equations to describe the set of reactions,

which are:

rRW GS =
k1P α

CO2
P β

H2

inhibition term2

(︂
1− PCOPH2O

PCO2PH2KeqRW GS

)︂
(6.2.1)

rCOmeth
= k2P γ

COP φ
H2

inhibition term2

(︂
1− PCH4PH2OP 2

abs

PCOP 3
H2

KeqCOmeth

)︂
(6.2.2)

Then, a postulation on a LHHW-based model is proposed: Farsi et al stated that reaction orders

(α, β, γ, φ) can only have the values of 0, 0.5, 1, where:
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• A value of 0 implies that the species has no influence on the reaction rate;

• A value of 0.5 stands for a dissociative adsorption of the species on the catalyst surface;

• A value of 1 witnesses a direct adsorption of the species on the catalyst surface;

Different combinations of these three values for the reactant exponents were studied and, based on

the method of the least squares error, the best one was chosen, leading to this rate expressions:

rRW GS =
k1P 0.5

CO2
P 0.5

H2

(1 + KH2OPH2O)2

(︂
1− PCOPH2O

PCO2PH2KeqRW GS

)︂
(6.2.3)

rCOmeth
= k2PCOP 0.5

H2
(1 + KH2OPH2O)2

(︂
1− PCH4PH2OP 2

abs

PCOP 3
H2

KeqCOmeth

)︂
(6.2.4)

A very similar procedure was conducted to determine the inhibition effects and, in particular,

if water inhibition was either given by its direct adsorption or adsorption as hydroxyl group,

concluding the former gave the best fitting to their data.

Despite declaring this a kinetic study based on a LHHW model, no RDS is clearly stated and

the procedure adopted to select the best numbers to fit both the reaction orders and the inhibi-

tion effects make this model much more similar to a modified power-law type than a mechanistic one.

Finally, a particular mention must be done for the unusual presence of the term P 2
abs in the

equilibrium term of CO methanation: if left there, the parenthesis does not converge to zero when

reaction conditions approach equilibrium. For example, if P 2
abs = 36, the term in parenthesis equals

−35 when equilibrium is reached, which constitutes a chemical-nonsense. Due to these consider-

ations, we decided to unilaterally remove P 2
abs from the calculus, even though our experimental

dataset was collected at atmospheric pressure, so a P 2
abs = 1 term would not have changed the

calculus.
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In this case, the parameters to be calculated are:

k∗
0,RW GS , EaRW GS , k∗

0,COmeth
, EaCOmeth

, K∗
0,H2O, ∆HH2O.

Table 6.19: Estimated parameters of the Farsi et al model.

Parameter Value U.o.M

k∗
0,RW GS 5.94± 2.12× 10−3 −

EaRW GS 87.86± 0.18 kJ/mol

k∗
0,COmeth

10.67± 2.80× 10−3 −

EaCOmeth
5.87± 0.20 kJ/mol

K∗
0,H2O 0.49± 5.48× 10−3 −

∆HH2O −36.28± 0.44 kJ/mol

Table 6.20: Quality of the regression of the Farsi et al. model.

Parameter Value

MPEχCO2
6.30%

R2
χCO2

0.992

MPEσCO 25.10%

R2
σCO

0.860

As for the Champon et al. model without CO2 methanation, this model works rather well in fitting

both CO2 conversion and CO selectivity, resembling the same discussion we did in Sec. 6.1.3:

RWGS seems to be the RDS of the process, with the CO methanation reaction having a much lower

activation energy reaction, again suggesting that once CO is formed, it is immediately consumed

by its methanation reaction. Indeed, also the values found by Farsi et al. suggest this path to be

the correct one, with a very high activation energy for RWGS: the reason for an Ea so high is the

fact that their process was performed on a bimetallic catalyst were the presence of Fe influences

the value of activation energy, as clearly explained by Farsi et al. [86].
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Table 6.21: Kinetic parameters of the Farsi et al. model and comparison with Farsi et al. results.

[86]

Parameter Value Farsi et al. U.o.M

k0,RW GS 5.37× 104 ± 2.12× 103 6.78× 1011 ± 1.39× 1012 mol/(s · gcat · atm)

EaRW GS 87.86± 0.18 166.55± 8.48 kJ/mol

k0,COmeth
0.15± 6.70× 10−3 6.33× 103 ± 6.73× 103 mol/(s · gcat · atm1.5)

EaCOmeth
5.87± 0.20 60.98± 4.59 kJ/mol

K0,H2O 7.03× 10−4 ± 7.03× 10−5 8.09± 9.15 atm−1

∆HH2O −36.28± 0.44 11.44± 4.96 kJ/mol
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Figure 6.13: Parity plots of the Farsi et al. model. (a) CO2 conversion. (b) CO selectivity.

This model performs relatively well, showing that the main path for methane formation is the

RWGS + CO methanation one. Due to the good results obtained in the regression, no further

modifications were introduced.
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Figure 6.14: CO2 conversion simulation plots of the Farsi et al. model.

Table 6.22: Correlation matrix of the Farsi et al. model.

k∗
0,RW GS EaRW GS k∗

0,COmeth
EaCOmeth K∗

0,H2O ∆HH2O

k∗
0,RW GS 1.00E+00 6.37E-01 4.63E-01 3.95E-01 8.22E-01 5.37E-01

EaRW GS 6.37E-01 1.00E+00 4.03E-01 5.90E-01 5.67E-01 8.55E-01

k∗
0,COmeth

4.63E-01 4.03E-01 1.00E+00 7.76E-01 8.04E-01 6.50E-01

EaCOmeth 3.95E-01 5.90E-01 7.76E-01 1.00E+00 6.57E-01 8.12E-01

K∗
0,H2O 8.22E-01 5.67E-01 8.04E-01 6.57E-01 1.00E+00 7.03E-01

∆HH2O 5.37E-01 8.55E-01 6.50E-01 8.12E-01 7.03E-01 1.00E+00
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Figure 6.15: CO selectivity simulation plots of the Farsi et al. model.
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6.3 Hernandez Lalinde et al. Model

Hernandez Lalinde et al. proposed a model where the process of CO2 methanation is described

through the parallel reactions of carbon dioxide methanation and RWGS. Even in this case the

authors proposed to describe selectivity to carbon monoxide [95].

The study was performed on a Ni/Al2O3 catalyst, where a wide variety of operating conditions was

deeply analyzed; in their work, Hernandez Lalinde et al. exploited spatially-resolved measurement

of the gas composition in a channel reactor, so that all the evolution of the system inside the

reactor could be monitored.

Hernandez Lalinde et al. proposed a summary of different possible mechanisms formulated in

literature for CO2 methanation:

Table 6.23: Literature mechanisms reported by Hernandez Lalinde et al.

Mechanism A Mechanism B Mechanism AB

A1) H2 + 2 l ⇌ 2 H∗ B1) H2 + 2 l ⇌ 2 H∗ AB1) H2 + 2 l ⇌ 2 H∗

A2) CO2 + l ⇌ CO∗
2 B2) CO2 + l ⇌ CO∗

2 AB2) CO2 + l ⇌ CO∗
2

A3) CO∗
2 + l ⇌ CO∗ + O∗ B3) CO∗

2 + H∗ ⇌ HCOO∗ + l AB3) CO∗
2 + l ⇌ CO∗ + O∗

A4) CO∗ + l ⇌ C∗ + O∗ B4) HCOO∗ + l ⇌ CO∗ + OH∗ AB4) CO∗ + H∗ ⇌ COH∗ + l

A5) C∗ + H∗ ⇌ CH∗ + l B5) HCOO∗ + H∗ ⇌ COH∗ + OH∗ AB5) CO∗ + 2H∗ ⇌ COH∗
2 + 2l

A6) CH∗ + H∗ ⇌ CH∗
2 + l B6) COH∗ + H∗ ⇌ CH∗

2 + OH∗ AB6) COH∗ + l ⇌ CH∗ + O∗

A7) CH∗
2 + H∗ ⇌ CH∗

3 + l B7) COH∗ + l ⇌ C∗ + OH∗ AB7) COH∗ + H∗ ⇌ CH∗ + OH∗

A8) CH∗
3 + H∗ ⇌ CH∗

4 + l B8) CH∗ + H∗ ⇌ CH∗
2 + l AB8) COH∗

2 + l ⇌ CH∗ + OH∗

A9) CH∗
4 ⇌ CH4 + l B9) CH∗

2 + H∗ ⇌ CH∗
3 + l AB9) CH∗ + H∗ ⇌ CH∗

2 + l

A10) O∗ + H∗ ⇌ OH∗ + l B10) CH∗
3 + H∗ ⇌ CH∗

4 + l AB10) CH∗
2 + H∗ ⇌ CH∗

3 + l

A11) OH∗ + H∗ ⇌ H2O∗ + l B11) CH∗
4 ⇌ CH4 + l AB11) CH∗

3 + H∗ ⇌ CH∗
4 + l

A12) CO∗ ⇌ CO + l B12) O∗ + H∗ ⇌ OH∗ + l AB12) CH∗
4 ⇌ CH4 + l

A13) H2O∗ ⇌ H2O + l B13) OH∗ + H∗ ⇌ H2O∗ + l AB13) O∗ + H∗ ⇌ OH∗ + l

B14) H2O∗ ⇌ H2O + l AB14) OH∗ + H∗ ⇌ H2O∗ + l

B15) CO∗ ⇌ CO + l AB15) H2O∗ ⇌ H2O + l

AB16) CO∗ ⇌ CO + l
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In these mechanisms, reactions [A2−A7], [B2−B9], [AB4−AB10] can all be RDSs, and were

indeed all proposed in literature by different authors.

Mechanism A assumes the direct dissociation of CO2 and the further dissociation of CO to

C, which is subsequently hydrogenated to methane. This mechanism is very similar to the direct

C-O bond cleavage one (Sec. 2.4.2).

Mechanism B assumes the formation of formates through the interaction of CO2 and adsorbed

hydrogen, with the fundamental help from adsorbed hydrogen in lowering the dissociation energy

of the second C-O bond.

Mechanism AB is an hybrid mechanism which hypothesizes the direct CO2 dissociation and the

H-assisted C-O dissociation in COH∗.

Hernandez Lalinde et al. analyzed 20 different models, depending on the chosen mechanism

and the chosen RDS inside this mechanism. The model that best fitted their data was "model 11",

where the proposed rate expressions are:

rCH4 =
k1KCOHP 0.5

CO2
KH2PH2

(︃
1−

PCH4P 2
H2O

PCO2P 4
H2

KeqM

)︃
(︃

1 + KCOHP 0.5
CO2

K 0.5
H2

P 0.5
H2

+
√︁

KH2PH2 + KOH
PH2O√︁

PH2

)︃2 (6.3.1)

rRW GS =
k2PCO2K 0.5

H2
P 0.5

H2

(︃
1− kβ

PCOPH2O

PH2PCO2KeqRW GS

)︃
(︃

1 + KCOHP 0.5
CO2

K 0.5
H2

P 0.5
H2

+
√︁

KH2PH2 + KOH
PH2O√︁

PH2

)︃2 (6.3.2)

These two rate expressions were derived hypothesizing reaction AB7 as RDS for the CO2 methana-

tion reaction (COH∗ + H∗ ⇌ CH∗
2 + OH∗) and this step as RDS for RWGS: CO∗

2 + H∗ ⇌ CO∗ + OH∗.

Then, a hypothesis was introduced: since carbon dioxide methanation reaction and RWGS reaction

take place on the same sites, inhibition effects to count for are the same for both reactions, so the

same denominator must be present.

The integration of kβ in the equilibrium term of the RWGS reaction was justified by Hernandez

Lalinde et al. as "the theoretical gas phase equilibrium compared to the equilibrium on catalyst

surface" [95] but this is the only model that postulates the necessity of a particular parameter

introduction inside the equilibrium term.
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Therefore, we tried to perform a regression where kβ was fixed to the value proposed by the authors.
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Figure 6.16: kβ influence on the CO selectivity of the Hernandez Lalinde et al. model 11.

The presence of kβ makes the trend cross the equilibrium curve, which is not possible from a

physical point view. Therefore, in our complete non-linear regression we decided to neglect the

presence of kβ.

The parameters to be calculated, then, are:

k0,CO2meth
, EaCO2meth

, k0,RW GS , EaRW GS , K∗
0,COH , ∆HCOH , K∗

0,H2
, ∆HH2 , K∗

0,OH , ∆HOH .



6.3. Hernandez Lalinde et al. Model 147

Table 6.24: Estimated parameters of the Hernandez Lalinde et al. model 11.

Parameter Value U.o.M

k∗
0,CO2meth

6.86± 3.26× 10−2 −

EaCO2meth
96.66± 0.94 kJ/mol

k∗
0,RW GS 6.24± 7.41× 10−2 −

EaRW GS 133.38± 2.50 kJ/mol

K∗
0,COH 2.46± 4.22× 10−2 −

∆HCOH 14.74± 1.60 kJ/mol

K∗
0,H2

4.70× 10−2 ± 1.01× 10−1 −

∆HH2 −65.60± 2.87 kJ/mol

K∗
0,OH 2.19± 1.74× 10−2 −

∆HOH −29.17± 1.21 kJ/mol

Table 6.25: Quality of the regression of the Hernandez Lalinde et al. model 11.

Parameter Value

MPEχCO2
3.63%

R2
χCO2

0.998

MPEσCO 81.0%

R2
σCO

0.925

The model performs very well in fitting and predicting the conversion but, on the contrary, is

very bad in fitting the selectivity to CO. In our opinion, this is caused by the fact that carbon

monoxide is only formed and never consumed in this scheme.
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Table 6.26: Kinetic parameters of the Hernandez Lalinde et al. model 11 and comparison with

Hernandez Lalinde et al. results. [95]

Parameter Value Hernandez Lalinde et al. U.o.M

k0,CO2meth
8.80× 105 ± 2.05× 105 4.93× 109 ± 4.60× 109 mol/(s · gcat)

EaCO2meth
96.66± 0.94 79.7± 4.7 kJ/mol

k0,RW GS 1.21× 109 ± 7.36× 108 7.33× 1018 ± 1.08× 1019 mol/(s · gcat · atm)

EaRW GS 133.38± 2.50 194.7± 7 kJ/mol

K0,COH 2.72× 102 ± 1.04× 102 3.95× 105 ± 6.47× 105 atm−0.5

∆HCOH 14.74± 1.60 60.5± 7.9 kJ/mol

K0,H2 8.97× 10−7 ± 6.15× 10−7 2.07× 10−2 ± 1.12× 10−2 atm−1

∆HH2 −65.60± 2.87 −12.5± 2 kJ/mol

K0,OH 1.76× 10−2 ± 4.86× 10−3 5.30× 105 ± 5.58× 105 atm−0.5

∆HOH −29.17± 1.21 64.4± 4.9 kJ/mol
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Figure 6.17: Parity plots of the Hernandez Lalinde et al. model 11. (a) CO2 conversion. (b) CO

selectivity.
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Figure 6.18: CO2 conversion simulation plots of the Hernandez Lalinde et al. model 11.
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Figure 6.19: CO selectivity simulation plots of the Hernandez Lalinde et al. model 11.
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Chapter 7

Internally Developed Models

In our analysis of the Hernandez Lalinde et al. model, we decided to try and derive the rate
expressions proposed in that model. We discovered that Hernandez Lalinde et al. adopted
many expedients to derive their model, and we were never able to reach the same expressions
proposed by them. On the other hand, in our derivation, we discovered two completely new
models, that describe the process of CO2 methanation through the RWGS followed by CO
methanation, in a mechanism strongly resembling the RWGS + CO-Hydro pathway (Sec.
2.4.1). The two models differ only in the presence of adsorbed O hypothesize by one and
neglected by the other.

In this chapter, we will focus on the derivation and application of these two models, which
we named Raco− Vidotto and Vidotto− Raco.

7.1 Raco − Vidotto model

Mechanism AB proposed by Hernandez Lalinde et al. [95] and reported in Table 6.23 was
modified by removing steps 5, 6, and 8. The RDS proposed by Hernandez Lalinde et al. for
the RWGS reaction was removed from the mechanism, being it equal to the sum between
the CO2 dissociation step (step 3) and the OH formation step (step 10). The elementary
steps used in the Raco− Vidotto model to describe the process, and from which reaction
rates were derived, are reported in Table 7.1.

153
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Table 7.1: Mechanism proposed to derive the Raco−Vidotto model.

Raco−Vidotto Mechanism

1) H2 + 2 l ⇌ 2 H∗

2) CO2 + l ⇌ CO∗
2

3) CO∗
2 + l ⇌ CO∗ + O∗

4) CO∗ + H∗ ⇌ COH∗ + l

5) COH∗ + H∗ ⇌ CH∗ + OH∗

6) CH∗ + H∗ ⇌ CH∗
2 + l

7) CH∗
2 + H∗ ⇌ CH∗

3 + l

8) CH∗
3 + H∗ ⇌ CH∗

4 + l

9) CH∗
4 ⇌ CH4 + l

10) O∗ + H∗ ⇌ OH∗ + l

11) OH∗ + H∗ ⇌ H2O∗ + l

12) H2O∗ ⇌ H2O + l

13) CO∗ ⇌ CO + l

We chose as RDS of the RWGS reaction step 3 and, in accordance with model 11 of the
Hernandez Lalinde et al. model (Sec. 6.3), we considered step 5 as the RDS of the CO
methanation reaction. Moreover, species H, OH, and COH were chosen as MASI, to reflect
the inhibition effects of hydrogen, water, and carbonaceous species.

A LHHW-based approach was used to determine the rate expressions, which are:

rRW GS =
kRW GSPCO2

(︃
1− PCOPH2O

PH2PCO2KeqRW GS

)︃
(︃

1 +
√︁

KH2PH2 + KOH
PH2O√︁

PH2

+ KCOH

√︁
PH2PCO

)︃2 (7.1.1)

rCOmeth
=

kCOmeth
PCOPH2

(︃
1− PCH4PH2O

PCOP 3
H2

KeqCOmeth

)︃
(︃

1 +
√︁

KH2PH2 + KOH
PH2O√︁

PH2

+ KCOH

√︁
PH2PCO

)︃2 (7.1.2)

The complete derivation of this model is reported in Appendix D.1.
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Table 7.2: Estimated parameters of the Raco−Vidotto model.

Parameter Value U.o.M

k∗
0,RW GS 9.07± 1.41× 10−2 −

EaRW GS 90.96± 1.09 kJ/mol

k∗
0,COmeth

13.57± 1.40× 10−2 −

EaCOmeth
−10.28± 0.11 kJ/mol

K∗
0,COH 6.57± 7.31× 10−3 −

∆HCOH −61.09± 0.78 kJ/mol

K∗
0,H2

1.23± 2.29× 10−2 −

∆HH2 −13.61± 1.55 kJ/mol

K∗
0,OH 1.21± 9.74× 10−3 −

∆HOH −45.09± 0.72 kJ/mol

In this case, the parameters to be calculated are:
k∗

0,RW GS, EaRW GS, k∗
0,COmeth

, EaCOmeth
, K∗

0,COH , ∆HCOH , K∗
0,H2 , ∆HH2 , K∗

0,OH , ∆HOH .

This model showed very good stability, therefore we tried to use very different first guess
values in different cases, to verify if the code converged to the same values in every case.
The calculus always converged to values similar to those reported in Table 7.2, witnessing
that an absolute minimum of the objective function F (Eq. 5.1.6) was found.

The activation energies of the two reactions are typical of a system where reactions are in
series, in which the reaction intermediate is rapidly consumed. Indeed, the experimental σCO

is always around 2%, while CH4 is the main product, at the studied operative conditions.
The rate of formation of CH4 is mainly controlled by the RWGS reaction and, as soon as CO
is formed, it is rapidly consumed. Thus, EaRW GS is similar to EaCO2meth

values we found
studying the solo CO2 methanation models (Table 5.17), while the energy barrier that CO
methanation reaction has to overcome is much lower, in this case slightly negative.
Although activation energies should assume positive values, small negative values should not
be rejected at first glance, considering that EaCOmeth

is the apparent activation energy of
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the CO methanation reaction (EaCOmeth
= Eastep 5 + ∆Hstep 4 + ∆HCO + ∆HH2), as proven

in the model derivation reported in Appendix D.1.

Table 7.3: Quality of the regression of the Raco−Vidotto model.

Parameter Value

MPEχCO2
5.41%

R2
χCO2

0.995

MPEσCO 16.5%

R2
σCO

0.975

So far, this is the best model in fitting CO selectivity (as witnessed by the value of MPEσCO
)

and still performs very well in the fitting of CO2 conversion, even though MPEχCO2
value

is not the best among the models analyzed up to now, the best being the Koschany et al.
model (Sec. 5.3).

Table 7.4: Kinetic parameters of the Raco−Vidotto model.

Parameter Value U.o.M

k0,RW GS 2.38× 106 ± 5.90× 105 mol/(s · gcat · atm)

EaRW GS 90.96± 1.09 kJ/mol

k0,COmeth
8.71× 10−2 ± 2.08× 10−2 mol/(s · gcat · atm2)

EaCOmeth
−10.28± 0.105 kJ/mol

K0,COH 1.54× 10−3 ± 2.68× 10−4 atm−1.5

∆HCOH −61.09± 0.78 kJ/mol

K0,H2 1.88× 10−1 ± 6.64× 10−2 atm−1

∆HH2 −13.61± 1.55 kJ/mol

K0,OH 2.20× 10−4 ± 3.57× 10−5 atm−0.5

∆HOH −45.09± 0.72 kJ/mol

From Fig. 7.3 we can see that the model underestimates the temperature effect at lower
temperatures, while the H2/CO2 ratio is problematic at low values, but still all the trends
are well represented.
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Figure 7.1: Parity plots of the Raco−Vidotto model. (a) CO2 conversion. (b) CO selectivity.

It is worth remembering that reaction mechanisms can change when different reaction
conditions are adopted, as already explained in Sec. 2.4, hence it is possible that some
modifications to this model should be done when studying low H2/CO2 ratios.
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Figure 7.2: CO2 conversion simulation plots of the Raco−Vidotto model.
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Figure 7.3: CO selectivity simulation plots of the Raco−Vidotto model.
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7.2 Vidotto − Raco model

In the second model we derived, steps 3 and 10 of the Raco− Vidotto model were summed,
so that the O∗ species never appears in the mechanism, neither in one of the steps or in the
derivation of the rate expressions. The reaction mechanism is clearly suggesting a RWGS +
CO-Hydro pathway (Sec. 2.4.1).

Table 7.6: Mechanism proposed to derive the Vidotto− Raco model.

Vidotto− Raco Mechanism

1) H2 + 2 l ⇌ 2 H∗

2) CO2 + l ⇌ CO∗
2

3) CO∗
2 + H∗ ⇌ CO∗ + OH∗

4) CO∗ + H∗ ⇌ COH∗ + l

5) COH∗ + H∗ ⇌ CH∗ + OH∗

6) CH∗ + H∗ ⇌ CH∗
2 + l

7) CH∗
2 + H∗ ⇌ CH∗

3 + l

8) CH∗
3 + H∗ ⇌ CH∗

4 + l

9) CH∗
4 ⇌ CH4 + l

10) OH∗ + H∗ ⇌ H2O∗ + l

11) H2O∗ ⇌ H2O + l

12) CO∗ ⇌ CO + l

In this model, the RDS of the RWGS reaction is the H-assisted CO2 dissociation (step 3),
while the RDS of the CO methanation is again the H-assisted carbo-hydroxyl consumption
(step 5). H, OH, and COH are again considered as MASI. The following rate expressions
can be derived:

rRW GS =
kRW GSPCO2

√︁
PH2

(︃
1− PCOPH2O

PH2PCO2KeqRW GS

)︃
(︃

1 +
√︁

KH2PH2 + KOH
PH2O√︁

PH2

+ KCOH

√︁
PH2PCO

)︃2 (7.2.1)
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rCOmeth
=

kCOmeth
PCOPH2

(︃
1− PCH4PH2O

PCOP 3
H2

KeqCOmeth

)︃
(︃

1 +
√︁

KH2PH2 + KOH
PH2O√︁

PH2

+ KCOH

√︁
PH2PCO

)︃2 (7.2.2)

The complete derivation of this model is reported in Appendix D.2.

Adaptive parameters to be calculated are:
k∗

0,RW GS, EaRW GS, k∗
0,COmeth

, EaCOmeth
, K∗

0,COH , ∆HCOH , K∗
0,H2 , ∆HH2 , K∗

0,OH , ∆HOH .

Table 7.7: Estimated parameters of the Vidotto− Raco model.

Parameter Value U.o.M

k∗
0,RW GS 9.66± 1.38× 10−2 −

EaCORW GS
106.15± 0.26 kJ/mol

k∗
0,COmeth

1.37× 101 ± 1.40× 10−2 −

EaCOmeth
4.40± 0.37 kJ/mol

K∗
0,COH 6.71± 7.41× 10−3 −

∆HCOH −53.43± 0.50 kJ/mol

K∗
0,H2

1.43± 2.23× 10−2 −

∆HH2 −0.18± 3.12× 10−2 kJ/mol

K∗
0,OH 1.31± 9.22× 10−3 −

∆HOH −39.59± 0.44 kJ/mol

A strong similarity with the previous model can be observed both in the regression and the
simulations, but a significant improvement in both MPEχCO2

and MPEσCO
can be observed.

The same considerations that were made about activation energies of the two reactions
and the global reaction scheme of the Raco− Vidotto model can be adopted for this model.
However, in this case a positive activation energy for CO methanation can be observed,
which is physically consistent, despite being very low, together with an increase in the value
of k0,COmeth

.
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Table 7.8: Quality of the regression of the Vidotto− Raco model.

Parameter Value

MPEχCO2
4.71%

R2
χCO2

0.995

MPEσCO 12.5%

R2
σCO

0.976

Table 7.9: Kinetic parameters of the Vidotto− Raco model.

Parameter Value U.o.M

k0,RW GS 1.10× 108 ± 7.62× 106 mol/(s · gcat · atm1.5)

EaCORW GS
106.15± 0.26 kJ/mol

k0,COmeth
2.34± 0.22 mol/(s · gcat · atm2)

EaCOmeth
4.40± 0.37 kJ/mol

K0,COH 9.15× 10−3 ± 1.04× 10−3 atm−1.5

∆HCOH −53.43± 0.50 kJ/mol

K0,H2 4.00± 0.12 atm−1

∆HH2 −0.18± 3.12× 10−2 kJ/mol

K0,OH 7.91× 10−4 ± 8.08× 10−5 atm−0.5

∆HOH −39.59± 0.44 kJ/mol

The Vidotto-Raco model has the lowest value of MPEσCO
and, despite its MPEχCO2

is not
the best encountered in our analysis of all the kinetic models, this model offers the best
compromise between the fitting of CO2 conversion and selectivity to CO.
Therefore, this model results the best one in describing the process of carbon dioxide metha-
nation, exploiting a RWGS followed by CO methanation reaction, when also the selectivity
to CO is a parameter of interest.
Further studies on the proposed Raco− Vidotto and Vidotto− Raco models should be con-
ducted, focusing in particular on the difference between these two models, i.e. the presence
(or absence) of the adsorbed oxygen species in the reaction mechanism.
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Figure 7.4: Parity plots of the Vidotto− Raco model. (a) CO2 conversion. (b) CO selectivity.

We have verified, by deriving these two models, that the implementation of a model based
on a consistent LHHW approach where no expedients are introduced leads to a better
description of the system. These two models represent only our proposal for a reaction
mechanism, but yet support the belief that the RWGS + CO-Hydro mechanism is the best
pathway to describe the process.
As previously said, more studies on these models should be performed, with a particular
emphasis on the species interacting on the catalyst surface.
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Figure 7.5: CO2 conversion simulation plots of the Vidotto− Raco model.
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Figure 7.6: CO selectivity simulation plots of the Vidotto− Raco model.
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Chapter 8

Model Applications on Ruthenium Input

It is reasonable to think that a mechanism that performs well on a Ni-based catalyst can
be effective also with a different catalyst. For this reason, in this chapter we will apply the
same mechanisms we hypothesized in the Raco− Vidotto and Vidotto− Raco models (Ch.
7) on a Ru-based dataset, collected on a 0.5% wt. Ru/Al2O3 in a previous work by Sangalli
[84]. The complete ruthenium dataset is reported in Appendix B.2.

Working with this dataset, these operating conditions effects were studied:

• Temperature effect;

• Pressure effect;

• GHSV effect;

• H2

CO2
effect;

• Inert effect;

• H2O effect.

In this case, most of the data were collected at 310℃, therefore a Tref = 583.15 K = 310℃
was chosen as reference temperature in the non-linear regressions for the Ru-based dataset.
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8.1 Raco − Vidotto Model

At first, we performed the regression on the Raco− Vidotto model, whose rate expressions
are the same proposed in Sec. 7.1 (Eq. 7.1.1 and 7.1.2). The adaptive parameters, again, are:
k∗

0,RW GS, EaRW GS, k∗
0,COmeth

, EaCOmeth
, K∗

0,COH , ∆HCOH , K∗
0,H2 , ∆HH2 , K∗

0,OH , ∆HOH .

Table 8.1: Estimated parameters of the Raco−Vidotto model for the ruthenium input.

Parameter Value U.o.M

k∗
0,RW GS 5.09± 5.47× 10−2 −

EaRW GS 71.29± 17.09 kJ/mol

k∗
0,COmeth

1.05± 5.17× 10−2 −

EaCOmeth
−4.15± 16.08 kJ/mol

K∗
0,COH 6.65± 6.36× 10−2 −

∆HCOH −75.47± 17.27 kJ/mol

K∗
0,H2

−2.23× 101 ± 5.71× 101 −

∆HH2 −9.19± 83.93 kJ/mol

K∗
0,OH 3.93× 10−1 ± 1.03× 10−1 −

∆HOH −8.53± 29.54 kJ/mol

From Table 8.2 that the quality of the regression on this Ru-based dataset is even better
than the one performed on the Nickel dataset 7.3. The parity plots, in Fig. 8.1, confirm the
high quality of the model, showing that only few points are outside the 10% limit for the
CO2 conversion. A good fitting can be observed also for CO selectivity.

Table 8.2: Quality of the regression of the Raco−Vidotto model for the ruthenium input.

Parameter Value

MPEχCO2
3.51%

R2
χCO2

0.991

MPEσCO 11.1%

R2
σCO

0.980
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Table 8.3: Kinetic parameters of the Raco−Vidotto model for the ruthenium input.

Parameter Value U.o.M

k0,RW GS 6.68× 102 ± 2.39× 103 mol/(s · gcat · atm)

EaRW GS 71.29± 17.09 kJ/mol

k0,COmeth
1.52× 10−2 ± 5.11× 10−2 mol/(s · gcat · atm2)

EaCOmeth
−4.15± 16.08 kJ/mol

K0,COH 7.73× 10−5 ± 2.80× 10−4 atm−1.5

∆HCOH −75.47± 17.27 kJ/mol

K0,H2 2.99× 10−11 ± 2.22× 10−9 atm−1

∆HH2 −9.19± 83.93 kJ/mol

K0,OH 1.09× 10−1 ± 6.76× 10−1 atm−0.5

∆HOH −8.53± 29.54 kJ/mol

Activation energies for the RWGS and CO methanation reactions are comparable to those
found on the nickel dataset, but in this case k0,RW GS has a lower value, suggesting a lower
catalyst activity. Indeed, the CO selectivities of the two datasets are comparable, while
higher temperature and lower GHSV are needed on the Ru-based catalyst to obtain the
same CO2 conversion obtained on the Ni-based catalyst, since Ruthenium loading was very
low. Moreover, K0,H2 is very low if compared to the other adsorption terms, and ∆HH2

is not low enough to compensate the value of K0,H2 in calculating KH2 . Thus, in further
developments of this model on Ruthenium catalysts, the hydrogen adsorption term can be
left outside the calculus (or even neglected) to make the model more efficient.
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Figure 8.1: Parity plots of the Raco−Vidotto model for the ruthenium input. (a) CO2 conversion.

(b) CO selectivity.

From the simulation plots in Fig. 8.2 and 8.3, we can see that all the set of data is well
approximated. The only unusual behavior is represented by the increase of CO selectivity
at low pressure: the model strongly overestimates the experimental values. This trend is
confirmed in the inert effect plot, in which the model overestimates the selectivity at high
inert concentration, hence at low reactants partial pressures.
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Figure 8.2: CO2 conversion simulation plots of the Raco−Vidotto model for the ruthenium input.
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Figure 8.3: CO selectivity simulation plots of the Raco−Vidotto model for the ruthenium input.
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8.2 Vidotto − Raco Model

The Vidotto− Raco model was also implemented on the Ruthenium dataset, by applying
the equation proposed in Sec. 7.2 to describe the process (Eq. 7.2.1 and 7.2.2).
Adaptive parameters to be calculated are:
k∗

0,RW GS, EaRW GS, k∗
0,COmeth

, EaCOmeth
, K∗

0,COH , ∆HCOH , K∗
0,H2 , ∆HH2 , K∗

0,OH , ∆HOH .

Table 8.5: Estimated parameters of the Vidotto− Raco model for the ruthenium input.

Parameter Value U.o.M

k∗
0,RW GS 5.43± 5.23× 10−2 −

EaRW GS 112.74± 9.29 kJ/mol

k∗
0,COmeth

1.04± 4.68× 10−2 −

EaCOmeth
14.40± 6.92 kJ/mol

K∗
0,COH 6.42± 6.31× 10−2 −

∆HCOH −48.00± 11.71 kJ/mol

K∗
0,H2

−27.45± 53.79 −

∆HH2 −46.51± 4.33× 102 kJ/mol

K∗
0,OH 0.21± 0.11 −

∆HOH −9.30± 15.56 kJ/mol

Also in this case the model performs very well, even if it is slightly worse than the
Raco− Vidotto model on Ru-based catalyst, if one confronts the value of MPEχCO2

and
MPEσCO

.

Table 8.6: Quality of the regression of the Vidotto− Raco model for the ruthenium input.

Parameter Value

MPEχCO2
3.63%

R2
χCO2

0.986

MPEσCO 11.9%

R2
σCO

0.970
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Table 8.7: Kinetic parameters of the Vidotto− Raco model for the ruthenium input.

Parameter Value U.o.M

k0,RW GS 6.55× 106 ± 1.29× 107 mol/(s · gcat · atm1.5)

EaRW GS 112.74± 9.29 kJ/mol

k0,COmeth
0.69± 1.01 mol/(s · gcat · atm2)

EaCOmeth
14.40± 6.92 kJ/mol

K0,COH 2.17× 10−2 ± 5.37× 10−2 atm−1.5

∆HCOH −48.00± 11.71 kJ/mol

K0,H2 5.82× 10−17 ± 8.33× 10−15 atm−1

∆HH2 −46.51± 4.33× 102 kJ/mol

K0,OH 0.11± 0.37 atm−0.5

∆HOH −9.30± 15.56 kJ/mol

A strong difference with the previous model is represented by the value of EaRW GS, much
higher. Again, K0,H2 is very low, and should be neglected to optimize the code in further
studies on this model.

As for the Ni-based dataset, the Raco− Vidotto and Vidotto− Raco models show very
similar behavior, and again the activation energy for the CO methanation reaction is nega-
tive in the Raco− Vidotto, positive and very low in the Vidotto− Raco model.
The Vidotto− Raco model considered in this section shows a good fitting of the experimental
data and, despite higher values of MPEχCO2

and MPEσCO
, does not overestimate selectivity

to CO at low pressures, showing a better fitting than the previous model.
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Figure 8.4: Parity plots of the Vidotto− Raco model for the ruthenium input. (a) CO2 conversion.

(b) CO selectivity.

In conclusion, both the models studied in this chapter show very good performances in
fitting the Ru-based dataset. Moreover, a comparison between what was found with these
two models and the results reported by Sangalli [84] on the same dataset can be found in
Table 8.9. Both the Raco− Vidotto and the Vidotto− Raco models perform better than
the Sangalli model, specially in the fitting of CO selectivity, having much lower MPEσCO

.
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Figure 8.5: CO2 conversion simulation plots of the Vidotto− Raco model for the ruthenium input.
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Figure 8.6: CO selectivity simulation plots of the Vidotto− Raco model for the ruthenium input.
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Concluding Remarks

Power-to-Gas technology will play a key role in this decade due to its potentiality in tackling
climate change. In particular, Power-to-Methane has the great opportunity of removing
CO2 at the same time creating a widely known source of energy such as methane.
Combining CO2 utilization and energy storage, carbon dioxide methanation will have a
crucial role in the transition from fossil fuels to renewable energy. Nowadays, this process
has been deeply studied at laboratory scale in order to take it to industrial level.

The reduction of the carbon species from CO2 to CH4 must be promoted by a catalyst
and Nickel is now regarded as the best metal to adopt in the process, constituting the best
trade-off between catalytic activity and costs.

Therefore, in this work Ni was chosen as the active metal and a co-precipitated Ni-Al
catalyst with molar ratio equal to 1.16 (57% wt.) was selected as the best one on which a
detailed kinetic study could be performed.

Although a clear reaction mechanism is yet to be found, many academics agree in considering
the reaction to take place in two following steps: a reverse water-gas shift reaction followed
by the methanation of CO. Despite this, many research groups tried to describe the process
through the direct pathway of Sabatier reaction.

For these reasons, our work focuses on both models that describe the system via direct
pathway and those that describe it through an indirect pathway. Therefore, carbon diox-
ide conversion (χCO2) and selectivity to CO (σCO) were chosen as key parameters of this study.
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Many models proposed in literature were briefly analyzed and the most promising ones
were applied on our experimental dataset. As expected, power laws are not suitable to
take the process to an industrial scale, due to inefficiencies related to the impossibility of
extrapolating outside the experimental field of study.
To demonstrate this, we chose the Lunde-Kester model, a simple model currently considered
a milestone in the field, and applied it on our experimental dataset. As expected, this did not
perform well: the model is a modified power law, and was developed from studies conducted
on Ru.

The best model to describe the process through the direct pathway of Sabatier reaction is
the LHHW-based Koschany et al. model, which can well predict all the operating conditions
effect, despite some instabilities underlined in our work, deriving from many expedients
introduced by the authors.

On the other hand, to describe both χCO2 and σCO the most appropriate model is the
Vidotto− Raco, derived by the authors of this work, which must be further studied to
identify the surface species involved in the reaction, with a particular focus on the presence
or absence of adsorbed oxygen. We have demonstrated that this model performs very well
also with a Ru-based dataset (as does the Raco-Vidotto, the other model developed by
the authors of this work), suggesting that the same reaction mechanism can be applied for
Ni-based and Ru-based catalysts.
Both this models describe the process through the consecutive scheme of RWGS reaction
followed by CO methanation reaction, with a number of adaptive parameters to found (10)
that is in line with many models proposed in literature.

Triangular models such as the Champon et al. model were also tested on our experi-
mental dataset, but failed to fit and predict both carbon dioxide conversion and carbon
monoxide selectivity; in the case of the recent Champon et al. model, its best performance
was obtained when Sabatier reaction was removed from the scheme, again simulating a
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RWGS reaction followed by carbon monoxide methanation reaction.

In conclusion, we can state that the best way to describe the phenomenology of the system
is obtained when a reaction mechanism very similar to the RWGS+CO-Hydro proposed in
literature and described in this work is applied: with the identification of a proper RDS, the
process is well described through a consecutive scheme of reverse water-gas shift and carbon
monoxide methanation.

All the other mechanisms, even tough very valid, fail to describe the trend of selectivity to
CO, fundamental for an industrial application of the process, which aims at maximizing
CH4 production in different operating conditions.



Appendix A

Thermodynamic Equilibrium Calculation

A perfect gas mixture is considered in the calculation of the equilibrium curves. CO2, H2,
and Ar are fed in the reactor. The reaction product, detected by the gas chromatograph,
are CH4, H2O, CO, and C2H6, together with unconverted CO2, H2 and Ar.
The species vector for this system is:

S =
[︂
CO2 H2 Ar CH4 H2O CO C2H6

]︂T

(A.0.1)

The atoms vector is:
E =

[︂
C H Ar O

]︂
(A.0.2)

The atoms-species matrix is:

A =

⎡⎢⎢⎢⎢⎢⎣
1 0 0 1 0 1 2
0 2 0 4 2 0 6
0 0 1 0 0 0 0
2 0 0 0 1 1 0

⎤⎥⎥⎥⎥⎥⎦ (A.0.3)

The rank of matrix A is equal to 4.
The number of reaction equations that are necessary to solve the system can be calculated
through the formula:

NR = N −NA (A.0.4)
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Where NR is the number of reaction equation, N is the number of species present in the
system, and NA is the rank of the matrix A. Hence:

NR = 7− 4 = 3 (A.0.5)

The 3 reactions that can be written are:

CO2 + 4 H2 ⇌ CH4 + 2 H2O (Sabatier) (A.0.6)

CO2 + H2 ⇌ CO + H2O (RWGS) (A.0.7)

2 CO + 5 H2 ⇌ C2H6 + 2 H2O (Fischer-Tropsch) (A.0.8)

The equilibrium composition is calculated adopting the extent of reaction method. The
equilibrium constant of reaction j, as function of the reaction temperature, is:

Keqj
(T ) = exp

(︄
−

∆G0
Rj

(T, Pref )
RT

)︄
(A.0.9)

Where R is the gas constant
(︂

8.314 J

molK

)︂
, T is the reaction temperature, Pref is the

reference pressure (1 [bar]), ∆G0
Rj

(T, Pref ) is the Gibbs free energy, calculated at the reaction
temperature and pressure of reference, as follows:

∆G0
Rj

(T )
RT

=
N∑︂

i=1
νi,j

∆g0
fj

(T, Pref )
RT

(A.0.10)

Where νi,j is the stoichiometric coefficient of the component i in reaction j, and ∆g0
fj

(T, Pref )
is the Gibbs free energy of formation of the species i, evaluated at the reaction temperature
and reference pressure. Usually, the values of ∆g0

fj
are tabulated at standard conditions (298

[K]; 1 [bar]), therefore ∆g0
fj

(T, Pref) must be calculated through the Van’t Hoff equation
[107]:

∆g0
fj

(T, Pref )
RT

=
∆g0

fj
(Tref , Pref )
RTref

+
∫︂ T

Tref

∆h0
fj

(T ′)
RT ′2 dT ′ (A.0.11)

Where ∆h0
fj

(T ′) is the enthalpy of formation of the species i at T ′, evaluated with the
formula:

∆h0
fj

(T ′) = ∆h0
fj

(Tref ) +
∫︂ T ′

Tref

cP,idT (A.0.12)
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cP,i is the heat capacity of the species i, which is generally expressed as:

cP,i

R
= Ai + BiT + CiT

2 + D3
i + EiT

4 (A.0.13)

The equilibrium composition is then calculated:

Keqj
(T ) =

N∏︂
i=1

a
νi,j

i (A.0.14)

Where ai is the the activity of the species i, calculated as follows:

ai = f̂ i(T, P, y)
fi(T, Pref ) = Pxi

1 [bar] (A.0.15)

f̂ i(T, P, y) is the fugacity of the species i at temperature, pressure, and composition of the
system, which for an ideal gas is equal to the partial pressure of the gas. The partial pressure
of the species i is equal to the pressure of the system times the molar fraction of the species
i. fi(T, Pref ) is the reference fugacity, equal to 1[bar]. The molar fractions can be calculated
introducing the extent of reaction λj:

yi = Fout,i

Fout

=
Fin,i +

∑︁NR
j=1 νi,jλj∑︁N

i=1
(︁
Fin,i +

∑︁NR
j=1 νi,jλj

)︁ (A.0.16)

Where Fout,i is the outlet molar flow rate of the species i, Fout is the total outlet flow rate,
Fin,i is the inlet molar flow rate of the species i.
For simplicity, fictitious flow rates are used, since for the equilibrium calculation the molar
flow rates are not of interest. As a base of calculus Fin=1[mol/s] is generally set, where Fin

is the total inlet flow rate. The inlet molar flow rates are then calculated:

Fin,i = Finyi (A.0.17)

The three equations to find the extent of reaction of A.0.6, A.0.7, and A.0.8 can now be
written:

exp

(︄
−

∆G0
R,Sab(T, Pref )

RT

)︄
= 1

P 2
yCH4y2

H2O

yCO2y4
H2

(A.0.18)

exp

(︄
−

∆G0
R,RW GS(T, Pref )

RT

)︄
= yCOyH2O

yCO2yH2

(A.0.19)

exp

(︄
−

∆G0
R,F T (T, Pref )

RT

)︄
= 1

P 4
yC2H6y2

H2O

y2
COy5

H2

(A.0.20)
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By root finding, λSab, λRW GS, and λF T can be evaluated as function of temperature, pressure
and inlet composition. The equilibrium composition can be then calculated, as well as CO2

conversion A.0.21, CO selectivity A.0.22, and C2H6 selectivity A.0.23.

χCO2
= Fin,CO2 − Fout,CO2

Fin,CO2

(A.0.21)

σCO = Fout,CO

Fin,CO2 − Fout,CO2

(A.0.22)

σC2H6 = Fout,C2H6

Fin,CO2 − Fout,CO2

(A.0.23)

The inlet conditions are the same as the experimental dataset on the Nickel catalyst, listed
in Appendix B. The numerical values, of the thermodynamic parameters, used in the
calculation are in Table A.1. In Fig. A.1, A.2, A.3, and A.4 are shown the equilibrium curves
of interest for this study.

Table A.1: Thermodynamic properties of the compounds, listed on [108].

Species ∆h0
f,i(298K) ∆g0

f,i(298K) A B ∗ 103 C ∗ 105 D ∗ 108 E ∗ 1011[︁
j/mol

]︁ [︁
j/mol

]︁ [︁
−
]︁ [︁

K−1]︁ [︁
K−2]︁ [︁

K−3]︁ [︁
K−4]︁

CO2 -393510 -394380 3.259 1.356 1.502 -2.374 1.056

H2 0 0 2.883 3.681 -0.772 0.692 -0.213

Ar 0 0 2.5 0 0 0 0

CH4 -74520 -50450 4.568 -8.975 3.631 -3.407 1.091

H2O -241810 -228420 4.395 -4.186 1.405 -1.564 0.632

CO -110530 -137160 3.912 -3.913 1.182 -1.302 0.515

C2H6 -83820 -31860 4.178 -4.427 5.66 -6.651 2.487
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Figure A.1: Equilibrium curves, temperature effect. (a) CO2 conversion; (b) CO selectivity; (c)

C2H6 selectivity.
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Figure A.2: Equilibrium curves, space velocity effect. (a) CO2 conversion; (b) CO selectivity; (c)

C2H6 selectivity.
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Figure A.3: Equilibrium curves, H2/CO2 ratio effect. (a) CO2 conversion; (b) CO selectivity; (c)

C2H6 selectivity.
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Figure A.4: Equilibrium curves, inert effect. (a) CO2 conversion; (b) CO selectivity; (c) C2H6

selectivity.
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Experimental Dataset

Here the experimental dataset employed in the regressions are reported.

B.1 Nickel Dataset

Table B.1: Experimental dataset, obtained from the Ni-based catalyst, collected at atmospheric

pressure.

N° T [°C] H2/CO2 GHSV [Ncc/h/gcat] Inert [%] CO2 Conversion [%] CO Selectivity [%]

Temperature Effect

1 350 3.98 50000 2 83.54693 0.350093

2 350 3.98 50000 2 83.61575 0.349652

3 350 3.98 50000 2 83.63806 0.347924

4 350 3.98 50000 2 83.66906 0.347667

5 350 3.98 50000 2 83.67115 0.353359

6 350 3.98 50000 2 83.68203 0.351439

7 350 3.98 50000 2 83.69255 0.35179

8 330 3.98 50000 2 78.54205 0.534004

9 330 3.98 50000 2 78.68756 0.526129

10 330 3.98 50000 2 78.61908 0.530507

11 330 3.98 50000 2 78.60681 0.533682

12 330 3.98 50000 2 78.60165 0.534769

13 330 3.98 50000 2 78.57797 0.534975

14 310 3.98 50000 2 68.06092 1.098731

15 310 3.98 50000 2 68.01177 1.150468

16 310 3.98 50000 2 67.97259 1.102878

17 310 3.98 50000 2 68.00408 1.096532

18 310 3.98 50000 2 67.98852 1.096957

Continues on next page...
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N° T [°C] H2/CO2 GHSV [Ncc/h/gcat] Inert [%] CO2 Conversion [%] CO Selectivity [%]

19 310 3.98 50000 2 68.01886 1.098032

20 290 3.98 50000 2 48.77026 1.759892

21 290 3.98 50000 2 49.08048 1.762821

22 290 3.98 50000 2 49.11189 1.760166

23 290 3.98 50000 2 49.24559 1.762885

24 290 3.98 50000 2 49.25174 1.754669

25 290 3.98 50000 2 49.26531 1.763689

26 290 3.98 50000 2 49.32115 1.763163

27 270 3.98 50000 2 32.76023 1.845788

28 270 3.98 50000 2 32.73761 1.801127

29 270 3.98 50000 2 32.7275 1.821791

30 270 3.98 50000 2 32.83436 1.824324

31 270 3.98 50000 2 32.85055 1.820098

32 270 3.98 50000 2 32.83051 1.826159

33 250 3.98 50000 2 18.1694 1.744739

34 250 3.98 50000 2 18.35523 1.773771

35 250 3.98 50000 2 18.26106 1.784761

36 250 3.98 50000 2 18.28228 1.776773

37 250 3.98 50000 2 18.0297 1.881496

38 250 3.98 50000 2 18.06189 1.833017

39 250 3.98 50000 2 18.02372 1.687089

40 250 3.98 50000 2 18.11451 1.828259

41 250 3.98 50000 2 18.02101 1.872208

42 250 3.98 50000 2 18.12852 1.849593

43 290 3.98 50000 2 49.35825 1.761314

44 290 3.98 50000 2 49.36436 1.759449

45 290 3.98 50000 2 49.40493 1.755804

46 290 3.98 50000 2 49.46383 1.656026

47 290 3.98 50000 2 49.47376 1.66267

48 290 3.98 50000 2 49.50868 1.660611

49 290 3.98 50000 2 49.52488 1.675932

50 350 3.98 50000 2 83.69703 0.353911

51 350 3.98 50000 2 83.71063 0.352676

52 350 3.98 50000 2 83.7148 0.346673

53 350 3.98 50000 2 83.71685 0.349967

54 350 3.98 50000 2 83.72134 0.350929

55 350 3.98 50000 2 83.73473 0.351074

56 350 3.98 50000 2 83.74471 0.354145

57 370 3.98 50000 2 86.6125 0.303574

58 370 3.98 50000 2 86.59681 0.304497

59 370 3.98 50000 2 86.59416 0.302906

60 370 3.98 50000 2 86.59518 0.30258

Continues on next page...
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N° T [°C] H2/CO2 GHSV [Ncc/h/gcat] Inert [%] CO2 Conversion [%] CO Selectivity [%]

61 370 3.98 50000 2 86.57552 0.299786

62 370 3.98 50000 2 86.58016 0.307119

63 390 3.98 50000 2 86.06935 0.42503

64 390 3.98 50000 2 86.11517 0.42651

65 390 3.98 50000 2 85.98291 0.43232

66 390 3.98 50000 2 86.09481 0.427312

67 390 3.98 50000 2 85.8903 0.426603

68 390 3.98 50000 2 85.91367 0.430002

69 350 3.98 20000 2 89.25665 0.09223

70 350 3.98 20000 2 89.20833 0.091916

71 350 3.98 20000 2 89.15716 0.092676

72 350 3.98 20000 2 89.13747 0.094711

73 350 3.98 20000 2 89.12513 0.09545

74 350 3.98 20000 2 89.13642 0.094807

75 330 3.98 20000 2 86.41487 0.122325

76 330 3.98 20000 2 86.47275 0.123467

77 330 3.98 20000 2 86.45676 0.12393

78 330 3.98 20000 2 86.46934 0.123687

79 330 3.98 20000 2 86.39656 0.124286

80 330 3.98 20000 2 86.39301 0.125086

81 310 3.98 20000 2 80.49503 0.22609

82 310 3.98 20000 2 80.53258 0.227222

83 310 3.98 20000 2 80.59008 0.225221

84 310 3.98 20000 2 80.58444 0.226263

85 310 3.98 20000 2 80.62546 0.224634

86 310 3.98 20000 2 80.61211 0.224946

87 290 3.98 20000 2 69.865 0.446551

88 290 3.98 20000 2 69.79634 0.442581

89 290 3.98 20000 2 69.94352 0.442238

90 290 3.98 20000 2 70.0009 0.442938

91 290 3.98 20000 2 70.12029 0.440692

92 290 3.98 20000 2 70.14844 0.441427

93 270 3.98 20000 2 52.7907 0.631902

94 270 3.98 20000 2 52.63794 0.632388

95 270 3.98 20000 2 53.02245 0.628066

96 270 3.98 20000 2 53.06735 0.62978

97 270 3.98 20000 2 53.09006 0.627672

98 270 3.98 20000 2 53.04019 0.625222

99 250 3.98 20000 2 34.04634 0.683429

100 250 3.98 20000 2 34.25528 0.677794

101 250 3.98 20000 2 34.26853 0.666019

102 250 3.98 20000 2 34.32505 0.665577

Continues on next page...
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N° T [°C] H2/CO2 GHSV [Ncc/h/gcat] Inert [%] CO2 Conversion [%] CO Selectivity [%]

103 250 3.98 20000 2 34.28731 0.69133

104 250 3.98 20000 2 34.2998 0.702647

105 230 3.98 20000 2 19.11868 0.814552

106 230 3.98 20000 2 19.16045 0.810731

107 230 3.98 20000 2 19.25246 0.839919

108 230 3.98 20000 2 19.28847 0.778241

109 230 3.98 20000 2 19.30308 0.856791

110 230 3.98 20000 2 19.23141 0.785858

111 210 3.98 20000 2 9.528032 0.767407

112 210 3.98 20000 2 9.5444 0.778988

113 210 3.98 20000 2 9.508056 0.765583

114 210 3.98 20000 2 9.50199 0.76054

115 210 3.98 20000 2 9.55417 0.763641

116 210 3.98 20000 2 9.536589 0.766209

117 290 3.98 10000 2 82.29131 0.149982

118 290 3.98 10000 2 82.27959 0.151286

119 290 3.98 10000 2 82.29848 0.151365

120 290 3.98 10000 2 82.28135 0.151132

121 290 3.98 10000 2 82.30312 0.151311

122 290 3.98 10000 2 82.31064 0.149687

123 270 3.98 10000 2 71.44699 0.275452

124 270 3.98 10000 2 71.37376 0.277533

125 270 3.98 10000 2 71.4758 0.275258

126 270 3.98 10000 2 71.53502 0.27453

127 270 3.98 10000 2 71.54445 0.277593

128 270 3.98 10000 2 71.53 0.272917

129 250 3.98 10000 2 52.90728 0.372335

130 250 3.98 10000 2 52.96211 0.373803

131 250 3.98 10000 2 52.99317 0.370729

132 250 3.98 10000 2 53.03378 0.371564

133 250 3.98 10000 2 53.04257 0.372451

134 250 3.98 10000 2 53.02019 0.369478

135 230 3.98 10000 2 32.25919 0.381346

136 230 3.98 10000 2 32.20185 0.382681

137 230 3.98 10000 2 32.40738 0.381102

138 230 3.98 10000 2 32.40099 0.381205

139 230 3.98 10000 2 32.41209 0.384579

140 230 3.98 10000 2 32.41371 0.378655

141 210 3.98 10000 2 16.88257 0.423762

142 210 3.98 10000 2 16.84058 0.395491

143 210 3.98 10000 2 16.85499 0.403078

144 210 3.98 10000 2 16.86703 0.391272

Continues on next page...
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N° T [°C] H2/CO2 GHSV [Ncc/h/gcat] Inert [%] CO2 Conversion [%] CO Selectivity [%]

145 210 3.98 10000 2 16.86403 0.3745

146 210 3.98 10000 2 16.86618 0.378101

147 190 3.98 10000 2 7.64689 0.317956

148 190 3.98 10000 2 7.659813 0.32909

149 190 3.98 10000 2 7.657977 0.321915

150 190 3.98 10000 2 7.693651 0.318948

151 190 3.98 10000 2 7.673423 0.310299

152 190 3.98 10000 2 7.682289 0.303286

GHSV effect

153 290 3.98 50000 2 48.25849 1.698088

154 290 3.98 50000 2 48.61792 1.689865

155 290 3.98 50000 2 48.80254 1.685285

156 290 3.98 50000 2 48.83508 1.67896

157 290 3.98 40000 2 54.70104 1.299631

158 290 3.98 40000 2 54.68703 1.294187

159 290 3.98 40000 2 54.62085 1.295793

160 290 3.98 40000 2 54.68223 1.29666

161 290 3.98 40000 2 54.63655 1.296952

162 290 3.98 40000 2 54.67695 1.294873

163 290 3.98 60000 2 44.10978 2.012198

164 290 3.98 60000 2 44.18864 2.014046

165 290 3.98 60000 2 44.19848 2.009192

166 290 3.98 60000 2 44.23962 2.014649

167 290 3.98 60000 2 44.32373 2.007394

168 290 3.98 60000 2 44.36156 2.011321

169 290 3.98 30000 2 62.01931 0.866012

170 290 3.98 30000 2 62.07776 0.863618

171 290 3.98 30000 2 62.06715 0.86481

172 290 3.98 30000 2 62.07801 0.862502

173 290 3.98 30000 2 62.00407 0.86713

174 290 3.98 20000 2 70.5835 0.470903

175 290 3.98 20000 2 70.82713 0.460739

176 290 3.98 20000 2 70.92212 0.455401

177 290 3.98 20000 2 71.17915 0.45327

178 290 3.98 70000 2 40.4124 2.321111

179 290 3.98 70000 2 40.38765 2.330842

180 290 3.98 70000 2 40.48321 2.320381

181 290 3.98 70000 2 40.45243 2.32816

182 290 3.98 70000 2 40.51551 2.319098

183 290 3.98 80000 2 37.4709 2.573981

184 290 3.98 80000 2 37.43214 2.583081

185 290 3.98 80000 2 37.41394 2.580031
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N° T [°C] H2/CO2 GHSV [Ncc/h/gcat] Inert [%] CO2 Conversion [%] CO Selectivity [%]

186 290 3.98 80000 2 37.45007 2.578465

187 290 3.98 80000 2 37.47656 2.578504

188 290 3.98 80000 2 37.47637 2.585141

189 290 3.98 15000 2 75.89068 0.31277

190 290 3.98 15000 2 75.97664 0.313099

191 290 3.98 15000 2 75.86689 0.313958

192 290 3.98 15000 2 75.88332 0.31314

193 290 3.98 15000 2 75.86247 0.313955

194 290 3.98 15000 2 75.87274 0.314784

195 290 3.98 10000 2 81.83041 0.168178

196 290 3.98 10000 2 81.89092 0.166548

197 290 3.98 10000 2 81.90266 0.166178

198 290 3.98 10000 2 81.88637 0.166033

199 290 3.98 10000 2 81.89732 0.16754

200 290 3.98 10000 2 81.88814 0.166628

201 290 3.98 5000 2 87.68776 0.071873

202 290 3.98 5000 2 87.77278 0.070073

203 290 3.98 5000 2 87.80066 0.069247

204 290 3.98 5000 2 87.70458 0.068416

205 290 3.98 5000 2 87.85144 0.069051

206 290 3.98 5000 2 87.85181 0.068247

207 250 3.98 50000 2 18.68119 1.461653

208 250 3.98 50000 2 18.68853 1.466543

209 250 3.98 50000 2 18.66608 1.454448

210 250 3.98 50000 2 18.67798 1.428432

211 250 3.98 50000 2 18.68338 1.500895

212 250 3.98 50000 2 18.67016 1.505753

213 250 3.98 30000 2 27.20314 0.996939

214 250 3.98 30000 2 27.2156 0.999859

215 250 3.98 30000 2 27.12031 1.00308

216 250 3.98 30000 2 27.13797 1.011025

217 250 3.98 30000 2 27.13038 1.012238

218 250 3.98 30000 2 27.12544 1.014938

219 250 3.98 20000 2 36.18183 0.706893

220 250 3.98 20000 2 36.04262 0.708376

221 250 3.98 20000 2 35.93267 0.710902

222 250 3.98 20000 2 35.973 0.7149

223 250 3.98 20000 2 35.93097 0.719512

224 250 3.98 20000 2 35.90512 0.722707

225 250 3.98 15000 2 43.1743 0.560194

226 250 3.98 15000 2 43.17712 0.561422

227 250 3.98 15000 2 43.17818 0.564305
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N° T [°C] H2/CO2 GHSV [Ncc/h/gcat] Inert [%] CO2 Conversion [%] CO Selectivity [%]

228 250 3.98 15000 2 43.18096 0.55649

229 250 3.98 15000 2 43.11093 0.56446

230 250 3.98 15000 2 43.13338 0.567176

231 250 3.98 10000 2 54.35483 0.38329

232 250 3.98 10000 2 54.28095 0.382679

233 250 3.98 10000 2 54.32445 0.382333

234 250 3.98 10000 2 54.31821 0.380131

235 250 3.98 10000 2 54.28573 0.383811

236 250 3.98 10000 2 54.25413 0.386112

237 250 3.98 5000 2 72.61175 0.169245

238 250 3.98 5000 2 72.63412 0.169788

239 250 3.98 5000 2 72.62769 0.169177

240 250 3.98 5000 2 72.63378 0.168554

241 250 3.98 5000 2 72.59503 0.168941

242 250 3.98 5000 2 72.58 0.167031

H2/CO2 Ratio Effect (PCO2 const.)

243 290 4 50000 17.23 56.23831 1.38399

244 290 4 50000 17.23 56.22994 1.386453

245 290 4 50000 17.23 56.22275 1.413248

246 290 4 50000 17.23 56.22496 1.413207

247 290 4 50000 17.23 56.21301 1.422446

248 290 4 50000 17.23 56.22308 1.408466

249 290 3 50000 33.78 47.98754 1.856813

250 290 3 50000 33.78 47.94811 1.866596

251 290 3 50000 33.78 47.98626 1.86069

252 290 3 50000 33.78 47.95578 1.865596

253 290 3 50000 33.78 47.95071 1.862892

254 290 3 50000 33.78 47.96086 1.86636

255 290 2 50000 50.34 37.05962 2.640015

256 290 2 50000 50.34 37.04773 2.644186

257 290 2 50000 50.34 36.99866 2.662708

258 290 2 50000 50.34 37.08276 2.668333

259 290 2 50000 50.34 37.08273 2.657617

260 290 2 50000 50.34 37.08407 2.668297

261 290 1 50000 66.89 20.13392 4.659083

262 290 1 50000 66.89 20.13825 4.650342

263 290 1 50000 66.89 20.10728 4.686839

264 290 1 50000 66.89 20.03755 4.740324

265 290 1 50000 66.89 20.03835 4.75594

266 290 5 50000 0.67 62.78704 1.16066

267 290 5 50000 0.67 62.84749 1.154452

268 290 5 50000 0.67 62.34628 1.158851
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N° T [°C] H2/CO2 GHSV [Ncc/h/gcat] Inert [%] CO2 Conversion [%] CO Selectivity [%]

269 290 5 50000 0.67 62.81909 1.160512

270 290 5 50000 0.67 62.78605 1.155511

271 290 5 50000 0.67 62.80937 1.110051

272 250 4 50000 17.23 21.50846 1.789327

273 250 4 50000 17.23 21.48108 1.783841

274 250 4 50000 17.23 21.48068 1.757185

275 250 4 50000 17.23 21.50994 1.747588

276 250 4 50000 17.23 21.48254 1.790376

277 250 4 50000 17.23 21.50329 1.763337

278 250 3 50000 33.78 19.18485 2.120139

279 250 3 50000 33.78 19.21043 2.130451

280 250 3 50000 33.78 19.21312 2.105935

281 250 3 50000 33.78 19.18059 2.098368

282 250 3 50000 33.78 19.18674 2.117029

283 250 3 50000 33.78 19.20125 2.108984

284 250 2 50000 50.34 16.32215 2.688564

285 250 2 50000 50.34 16.33635 2.749854

286 250 2 50000 50.34 16.32658 2.717136

287 250 2 50000 50.34 16.32098 2.731277

288 250 2 50000 50.34 16.30817 2.73574

289 250 2 50000 50.34 16.28738 2.706934

290 250 1 50000 66.89 10.73416 5.358072

291 250 1 50000 66.89 10.68611 5.358113

292 250 1 50000 66.89 10.68712 5.427449

293 250 1 50000 66.89 10.71891 5.410455

294 250 1 50000 66.89 10.66382 5.403134

295 250 1 50000 66.89 10.67599 5.388301

296 250 5 50000 0.67 23.34752 1.609633

297 250 5 50000 0.67 23.34087 1.582227

298 250 5 50000 0.67 23.33682 1.60106

299 250 5 50000 0.67 23.35686 1.593889

300 250 5 50000 0.67 23.34276 1.582279

301 250 5 50000 0.67 23.33497 1.59225

H2/CO2 Ratio Effect (PH2 const.)

302 290 4 50000 38.75 61.392 1.278846

303 290 4 50000 38.75 61.41194 1.268464

304 290 4 50000 38.75 61.37867 1.271675

305 290 4 50000 38.75 61.43412 1.272388

306 290 4 50000 38.75 61.41872 1.268898

307 290 4 50000 38.75 61.39696 1.263511

308 290 3 50000 34.67 47.43129 1.921902

309 290 3 50000 34.67 47.38792 1.92092
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N° T [°C] H2/CO2 GHSV [Ncc/h/gcat] Inert [%] CO2 Conversion [%] CO Selectivity [%]

310 290 3 50000 34.67 47.45965 1.922461

311 290 3 50000 34.67 47.43146 1.921768

312 290 3 50000 34.67 47.49235 1.918099

313 290 3 50000 34.67 47.45604 1.918451

314 290 2 50000 26.5 32.67194 3.006488

315 290 2 50000 26.5 32.63962 3.014527

316 290 2 50000 26.5 32.6867 3.020066

317 290 2 50000 26.5 32.64821 3.024052

318 290 2 50000 26.5 32.67199 3.011395

319 290 2 50000 26.5 32.62549 3.026216

320 290 1 50000 1.99 16.52045 5.724367

321 290 1 50000 1.99 16.4636 5.75467

322 290 1 50000 1.99 16.44127 5.780464

323 290 1 50000 1.99 16.40217 5.803909

324 290 1 50000 1.99 16.40794 5.80144

325 290 1 50000 1.99 16.40706 5.806698

326 290 5 50000 41.2 74.34643 0.795173

327 290 5 50000 41.2 74.30587 0.797153

328 290 5 50000 41.2 74.47511 0.797952

329 290 5 50000 41.2 74.39378 0.798781

300 290 5 50000 41.2 74.40029 0.79212

301 290 5 50000 41.2 74.29723 0.796069

332 250 4 50000 38.75 26.26394 1.616502

333 250 4 50000 38.75 26.25905 1.597729

334 250 4 50000 38.75 26.25539 1.605648

335 250 4 50000 38.75 26.25206 1.596275

336 250 4 50000 38.75 26.26484 1.581509

337 250 4 50000 38.75 26.25573 1.635877

338 250 3 50000 34.67 20.17343 1.922242

339 250 3 50000 34.67 20.15689 1.939233

340 250 3 50000 34.67 20.18056 1.94193

341 250 3 50000 34.67 20.16936 1.95682

342 250 3 50000 34.67 20.17105 1.962142

343 250 3 50000 34.67 20.15049 1.943347

344 250 2 50000 26.5 13.92987 2.55647

345 250 2 50000 26.5 13.92382 2.575697

346 250 2 50000 26.5 13.95156 2.572767

347 250 2 50000 26.5 13.94001 2.55911

348 250 2 50000 26.5 13.94403 2.546283

349 250 2 50000 26.5 13.94151 2.564071

350 250 1 50000 1.99 7.191799 4.197871

351 250 1 50000 1.99 7.195508 4.200198
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N° T [°C] H2/CO2 GHSV [Ncc/h/gcat] Inert [%] CO2 Conversion [%] CO Selectivity [%]

352 250 1 50000 1.99 7.198951 4.209319

353 250 1 50000 1.99 7.193271 4.214713

354 250 1 50000 1.99 7.189711 4.224655

355 250 1 50000 1.99 7.193308 4.227743

356 250 5 50000 41.2 32.14659 1.375783

357 250 5 50000 41.2 32.14815 1.354544

358 250 5 50000 41.2 32.13511 1.351278

359 250 5 50000 41.2 32.16899 1.365936

360 250 5 50000 41.2 32.14939 1.357557

361 250 5 50000 41.2 32.19209 1.369606

Inert Effect

362 290 3.98 50000 2 47.57576 1.838366

363 290 3.98 50000 2 47.67496 1.834091

364 290 3.98 50000 2 47.78311 1.824912

365 290 3.98 50000 2 47.77936 1.823122

366 290 3.98 50000 2 47.74776 1.834799

367 290 3.98 50000 2 47.71758 1.833134

368 290 3.98 54440 10 46.84554 1.960248

369 290 3.98 54440 10 46.75029 1.962529

370 290 3.98 54440 10 46.79255 1.964746

371 290 3.98 54440 10 46.76435 1.964894

372 290 3.98 54440 10 46.77953 1.962109

373 290 3.98 54440 10 46.83421 1.970144

374 290 3.98 61250 20 45.83025 2.167407

375 290 3.98 61250 20 45.78469 2.169641

376 290 3.98 61250 20 45.82689 2.166457

377 290 3.98 61250 20 45.84821 2.169358

378 290 3.98 61250 20 45.84321 2.170413

379 290 3.98 61250 20 45.88415 2.167617

380 290 3.98 70000 30 44.82902 2.406941

381 290 3.98 70000 30 44.80821 2.416367

382 290 3.98 70000 30 44.7949 2.413157

383 290 3.98 70000 30 44.7928 2.411404

384 290 3.98 70000 30 44.7995 2.408691

385 290 3.98 70000 30 44.79088 2.417118

386 290 3.98 81670 40 43.69192 2.713124

387 290 3.98 81670 40 43.59979 2.748109

388 290 3.98 81670 40 43.55366 2.721697

389 290 3.98 81670 40 43.63676 2.714742

390 290 3.98 81670 40 43.67945 2.708898

391 290 3.98 81670 40 43.62685 2.714993

392 290 3.98 75380 35 44.37447 2.55827
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N° T [°C] H2/CO2 GHSV [Ncc/h/gcat] Inert [%] CO2 Conversion [%] CO Selectivity [%]

393 290 3.98 75380 35 44.26235 2.564906

394 290 3.98 75380 35 44.19098 2.56695

395 290 3.98 75380 35 44.26002 2.570388

396 290 3.98 75380 35 44.31121 2.546069

397 290 3.98 75380 35 44.36877 2.53807

398 290 3.98 57650 15 46.66336 2.060694

399 290 3.98 57650 15 46.59902 2.066694

400 290 3.98 57650 15 46.63356 2.067056

401 290 3.98 57650 15 46.54991 2.062542

402 290 3.98 57650 15 46.57659 2.063518

403 290 3.98 57650 15 46.55475 2.062634
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B.2 Ruthenium Dataset

Table B.2: Experimental dataset, obtained from the Ru-based catalyst. [84]

N° P [barg] T [°C] H2/CO2 GHSV [Ncc/h/gcat] y0
inert y0

H2O CO2 Conversion CO Selectivity

GHSV Effect

1 0 310 4 3750 0.1 0 0.6776 0.0047635
2 0 310 4 3750 0.1 0 0.6776 0.0049389
3 0 310 4 3750 0.1 0 0.6770 0.0050035
4 0 310 4 3750 0.1 0 0.6753 0.0049234
5 0 310 4 5000 0.1 0 0.5851 0.0064732
6 0 310 4 5000 0.1 0 0.5817 0.0064548
7 0 310 4 5000 0.1 0 0.5822 0.0064503
8 0 310 4 5000 0.1 0 0.5824 0.0064498
9 0 310 4 6250 0.1 0 0.5335 0.00785

10 0 310 4 6250 0.1 0 0.5332 0.0078625
11 0 310 4 6250 0.1 0 0.5330 0.0078727
12 0 310 4 6250 0.1 0 0.5357 0.0079327
13 0 310 4 7500 0.1 0 0.4801 0.0093959
14 0 310 4 7500 0.1 0 0.4796 0.009382
15 0 310 4 7500 0.1 0 0.4801 0.0092949
16 0 310 4 7500 0.1 0 0.4818 0.009252
17 0 310 4 8750 0.1 0 0.4450 0.0104612
18 0 310 4 8750 0.1 0 0.4452 0.0107138
19 0 310 4 8750 0.1 0 0.4464 0.010603
20 0 310 4 8750 0.1 0 0.4468 0.0107349
21 0 310 4 10000 0.1 0 0.4109 0.0119583
22 0 310 4 10000 0.1 0 0.4128 0.0117808
23 0 310 4 10000 0.1 0 0.4116 0.0118587
24 0 310 4 10000 0.1 0 0.4139 0.0117617
25 0 290 4 3750 0.0121 0 0.4887 0.0053788
26 0 290 4 3750 0.0121 0 0.4881 0.0053091
27 0 290 4 3750 0.0121 0 0.4872 0.0055293
28 0 290 4 5000 0.0121 0 0.4085 0.007008
29 0 290 4 5000 0.0121 0 0.4026 0.0069389
30 0 290 4 5000 0.0121 0 0.4053 0.0069829
31 0 290 4 6250 0.0121 0 0.3509 0.008
32 0 290 4 6250 0.0121 0 0.3501 0.008
33 0 290 4 6250 0.0121 0 0.3510 0.008
34 0 290 4 7500 0.0121 0 0.3076 0.010
35 0 290 4 7500 0.0121 0 0.3034 0.010
36 0 290 4 7500 0.0121 0 0.3046 0.010
37 0 290 4 8750 0.0121 0 0.2755 0.011
38 0 290 4 8750 0.0121 0 0.2767 0.011
39 0 290 4 8750 0.0121 0 0.2777 0.011
40 0 290 4 10000 0.0121 0 0.2500 0.012
41 0 290 4 10000 0.0121 0 0.2428 0.012
42 0 290 4 10000 0.0121 0 0.2428 0.012

Temperature Effect

43 0 250 4 5000 0.1 0 0.1384 0.005866
44 0 250 4 5000 0.1 0 0.1379 0.005804
45 0 250 4 5000 0.1 0 0.1396 0.005365
46 0 270 4 5000 0.1 0 0.2569 0.005818
47 0 270 4 5000 0.1 0 0.2569 0.005698
48 0 270 4 5000 0.1 0 0.2559 0.005873
49 0 290 4 5000 0.1 0 0.4152 0.0063544
50 0 290 4 5000 0.1 0 0.4140 0.0063381
51 0 290 4 5000 0.1 0 0.4146 0.0063442
52 0 290 4 5000 0.1 0 0.4142 0.0064356
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N° P [barg] T [°C] H2/CO2 GHSV [Ncc/h/gcat] y0
inert y0

H2O CO2 Conversion[-] CO Selectivity[-]

53 0 310 4 5000 0.1 0 0.5822 0.0064503
54 0 310 4 5000 0.1 0 0.5812 0.0065227
55 0 310 4 5000 0.1 0 0.5824 0.0064498
56 0 330 4 5000 0.1 0 0.7432 0.0053588
57 0 330 4 5000 0.1 0 0.7439 0.0053057
58 0 330 4 5000 0.1 0 0.7443 0.0053057
59 0 350 4 5000 0.1 0 0.8245 0.0037652
60 0 350 4 5000 0.1 0 0.8250 0.0037267
61 0 350 4 5000 0.1 0 0.8257 0.003798
62 0 370 4 5000 0.1 0 0.8676 0.0028619
63 0 370 4 5000 0.1 0 0.8687 0.0028669
64 0 370 4 5000 0.1 0 0.8683 0.0028662
65 0 390 4 5000 0.1 0 0.8641 0.0040079
66 0 390 4 5000 0.1 0 0.8648 0.0039531
67 0 390 4 5000 0.1 0 0.8645 0.0039882
68 0 410 4 5000 0.1 0 0.8433 0.0068497
69 0 410 4 5000 0.1 0 0.8425 0.0065778
70 0 410 4 5000 0.1 0 0.8434 0.0067338

H2/CO2 Ratio Effect

71 0 310 2 5000 0.3145 0 0.3421 0.0182967
72 0 310 2 5000 0.3145 0 0.3422 0.0181969
73 0 310 2 5000 0.3145 0 0.3419 0.0183498
74 0 310 3 5000 0.3906 0 0.4956 0.0107638
75 0 310 3 5000 0.3906 0 0.4966 0.0106624
76 0 310 3 5000 0.3906 0 0.4966 0.0106322
77 0 310 3 5000 0.3906 0 0.4960 0.010679
78 0 310 4 5000 0.4287 0 0.6369 0.0066723
79 0 310 4 5000 0.4287 0 0.6376 0.0067206
80 0 310 5 5000 0.4516 0 0.7630 0.0040859
81 0 310 5 5000 0.4516 0 0.7637 0.0040727
82 0 310 5 5000 0.4516 0 0.7626 0.0041015
83 0 310 2 5000 0.5431 0 0.3495 0.0204279
84 0 310 2 5000 0.5431 0 0.3499 0.0204924
85 0 310 2 5000 0.5431 0 0.3504 0.0205351
86 0 310 4 5000 0.2385 0 0.6135 0.0065376
87 0 310 4 5000 0.2385 0 0.6134 0.0066893
88 0 310 4 5000 0.2385 0 0.6144 0.0066928
89 0 310 5 5000 0.0862 0 0.7151 0.0044165
90 0 310 5 5000 0.0862 0 0.7159 0.0043057
91 0 310 5 5000 0.0862 0 0.7157 0.0043693

Inert Effect

92 0 310 4 5000 0.1 0 0.6008 0.0066634
93 0 310 4 5000 0.1 0 0.6023 0.0066208
94 0 310 4 5000 0.1 0 0.6018 0.0066321
95 0 310 4 5000 0.2 0 0.6147 0.0067021
96 0 310 4 5000 0.2 0 0.6162 0.0066351
97 0 310 4 5000 0.2 0 0.6147 0.0067668
98 0 310 4 5000 0.3 0 0.6296 0.0066078
99 0 310 4 5000 0.3 0 0.6289 0.0068305

100 0 310 4 5000 0.3 0 0.6317 0.0066842
101 0 310 4 5000 0.4 0 0.6529 0.0064046
102 0 310 4 5000 0.4 0 0.6520 0.0065487
103 0 310 4 5000 0.4 0 0.6518 0.0065156

Reference Condition

104 0 310 4 5000 0.1 0 0.5935 0.0063803
105 0 310 4 5000 0.1 0 0.5934 0.0064441
106 0 310 4 5000 0.1 0 0.5936 0.0064703
107 0 310 4 5000 0.1 0 0.5944 0.0064272
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N° P [barg] T [°C] H2/CO2 GHSV [Ncc/h/gcat] y0
inert y0

H2O CO2 Conversion[-] CO Selectivity[-]

108 0 310 4 5000 0.1 0 0.5976 0.0065712
109 0 310 4 5000 0.1 0 0.5986 0.0064266
110 0 310 4 5000 0.1 0 0.6004 0.0064578
111 0 310 4 5000 0.1 0 0.6022 0.0065452
112 0 310 4 5000 0.1 0 0.6015 0.0065399
113 0 310 4 5000 0.1 0 0.6008 0.0066634
114 0 310 4 5000 0.1 0 0.6018 0.0066321
115 0 310 4 5000 0.1 0 0.5935 0.0063803
116 0 310 4 5000 0.1 0 0.5934 0.0064441
117 0 310 4 5000 0.1 0 0.5936 0.0064703
118 0 310 4 5000 0.1 0 0.5944 0.0064272
119 0 310 4 5000 0.1 0 0.5976 0.0065712
120 0 310 4 5000 0.1 0 0.5986 0.0064266
121 0 310 4 5000 0.1 0 0.6004 0.0064578
122 0 310 4 5000 0.1 0 0.6022 0.0065452
123 0 310 4 5000 0.1 0 0.6015 0.0065399
124 0 310 4 5000 0.1 0 0.6008 0.0066634
125 0 310 4 5000 0.1 0 0.6018 0.0066321

Water Effect

126 0 310 4 5000 0.3000 0.0000 0.6387 0.0070669
127 0 310 4 5000 0.3000 0.0000 0.6358 0.0070342
128 0 310 4 5000 0.3000 0.0000 0.6373 0.0070
129 0 310 4 5000 0.2719 0.0281 0.6259 0.0072
130 0 310 4 5000 0.2719 0.0281 0.6265 0.0072
131 0 310 4 5000 0.2719 0.0281 0.6250 0.0072
132 0 310 4 5000 0.2439 0.0561 0.6067 0.0073
133 0 310 4 5000 0.2439 0.0561 0.6042 0.0074
134 0 310 4 5000 0.2439 0.0561 0.6049 0.0074
135 0 310 4 5000 0.2158 0.0842 0.5929 0.0075585
136 0 310 4 5000 0.2158 0.0842 0.5929 0.0074
137 0 310 4 5000 0.2158 0.0842 0.5924 0.007502
138 0 310 4 5000 0.1317 0.1683 0.5693 0.0078
139 0 310 4 5000 0.1317 0.1683 0.5709 0.0078273
140 0 310 4 5000 0.1317 0.1683 0.5721 0.0078102
141 0 310 4 5000 0.0142 0.2858 0.5409 0.0080437
142 0 310 4 5000 0.0142 0.2858 0.5345 0.0083962
143 0 310 4 5000 0.0142 0.2858 0.5383 0.0082546

Pressure Effect

144 0 310 3.9 5000 0.02 0 0.5800 0.0064643
145 0 310 3.9 5000 0.02 0 0.5816 0.0065197
146 0 310 3.9 5000 0.02 0 0.5820 0.007
147 1.5 310 3.9 5000 0.02 0 0.7231 0.003
148 1.5 310 3.9 5000 0.02 0 0.7222 0.003
149 1.5 310 3.9 5000 0.02 0 0.7226 0.003
150 3 310 3.9 5000 0.02 0 0.7948 0.0014
151 3 310 3.9 5000 0.02 0 0.8002 0.0015
152 3 310 3.9 5000 0.02 0 0.7968 0.0014
153 4.5 310 3.9 5000 0.02 0 0.8450 0.0009264
154 4.5 310 3.9 5000 0.02 0 0.8353 0.0009926
155 4.5 310 3.9 5000 0.02 0 0.8422 0.0014
156 6 310 3.9 5000 0.02 0 0.8674 0.000
157 6 310 3.9 5000 0.02 0 0.8707 0.001
158 6 310 3.9 5000 0.02 0 0.8672 0.001
159 0 290 3.9 5000 0.02 0 0.4070 0.007
160 0 290 3.9 5000 0.02 0 0.4041 0.007
161 0 290 3.9 5000 0.02 0 0.4035 0.007
162 3 290 3.9 5000 0.02 0 0.6291 0.0017671
163 3 290 3.9 5000 0.02 0 0.6255 0.0015

Continues on next page...
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N° P [barg] T [°C] H2/CO2 GHSV [Ncc/h/gcat] y0
inert y0

H2O CO2 Conversion[-] CO Selectivity[-]

164 3 290 3.9 5000 0.02 0 0.6281 0.001449
165 6 290 3.9 5000 0.02 0 0.7416 0.0004
166 6 290 3.9 5000 0.02 0 0.7372 0.0008
167 6 290 3.9 5000 0.02 0 0.7380 0.0011



Appendix C

Modified Koschany et al. models

derivation

C.1 Koschany et al. Model without irreversible steps

C.1.1 Elementary Steps

The elementary reactions are the same described by Koschany et al. [90], the RDS is again
the step 3, but now all the reactions are reversible:

1. CO2 + 2 l ⇌ CO∗ + O∗

2. H2 + 2 l ⇌ 2 H∗

3. CO∗ + H∗ ⇌ CHO∗ + l

4. CHO∗ + l ⇌ CH∗ + O∗

5. CH∗ + 3 H∗ ⇌ CH∗
4 + 3 l

6. CH∗
4 ⇌ CH4 + l

7. O∗ + H∗ ⇌ OH∗ + l

8. OH∗ + H∗ ⇌ H2O∗ + l

9. H2O∗ ⇌ H2O + l

The RDS is step 3, as it was for the original model.
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C.1.2 Derivation

First of all, we introduce some definitions:−→
k 1
←−
k 1

= KCO2 ;
−→
k 2
←−
k 2

= KH2 ;
←−
k 6
−→
k 6

= KCH4 ;
←−
k 9
−→
k 9

= KH2O;
−→
k 3
←−
k 3

= K3;
−→
k 4
←−
k 4

= K4;
−→
k 5
←−
k 5

= K5;
−→
k 7
←−
k 7

= K7;
−→
k 8
←−
k 8

= K8;

So, from r2:
−→
k 2PH2θ2

l −
←−
k 2θ

2
H = 0 ⇒ θH =

√︄−→
k 2PH2
←−
k 2

θl ⇒ θH =
√︁

KH2PH2θl

From r6:
−→
k 6θCH4 −

←−
k 6PCH4θl = 0 ⇒ θCH4 =

←−
k 6
−→
k 6

PCH4θl ⇒ θCH4 = KCH4PCH4θl

From r9:
−→
k 9θH2O −

←−
k 9PH2Oθl = 0 ⇒ θH2O =

←−
k 9
−→
k 9

PH2Oθl ⇒ θH2O = KH2OPH2Oθl

From r8:
−→
k 8θOHθH −

←−
k 8θH2Oθl = 0 ⇒ θOH =

←−
k 8θH2O
−→
k 8θH

θl ⇒ θOH = KH2OPH2O

K8
√︁

KH2PH2

θl

From r7:
−→
k 7θOθH −

←−
k 7θOHθl = 0 ⇒ θO =

←−
k 7θOH
−→
k 7θH

θl ⇒ θO = KH2OPH2O

K7K8KH2PH2

θl

From r1:
−→
k 1PCO2θl −

←−
k 1θCOθO = 0 ⇒ θCO =

−→
k 1PCO2
←−
k 1θO

θ2
l ⇒ θCO = K7K8KCO2KH2PCO2PH2

KH2OPH2O

θl

From r5:
−→
k 5θCHθ3

H −
←−
k 5θCH4θ3

l = 0 ⇒ θCH =
←−
k 5θCH4
−→
k 5θ3

H

θ3
l ⇒ θCH = KCH4PCH4

K5
√︁

(KH2OPH2O)3
θl

From r4:
−→
k 4θCHOθl−

←−
k 4θCHθO = 0 ⇒ θCHO =

←−
k 4θCHθO
−→
k 4θl

⇒ θCHO = KCH4KH2OPCH4PH2O

K4K5K7K8
√︁

(KH2OPH2O)5
θl
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Active site balance

Now we can exploit the active sites balance to find θl, defining as MASI the species CO, H,
OH
θCO + θH + θOH + θl = 1

K7K8KCO2KH2PCO2PH2

KH2OPH2O

θl +
√︁

KH2PH2θl + KH2OPH2O

K8
√︁

KH2PH2

θl + θl = 1

θl = 1(︄
1 + K7K8KCO2KH2PCO2PH2

KH2OPH2O

+
√︁

KH2PH2 + KH2OPH2O

K8
√︁

KH2PH2

)︄

RDS

Now we can write the rate expression for the RDS. So:

r3 = rCH4 = −→k 3θCOθH −
←−
k3θCHOθl =

= −→k 3
K7K8KCO2KH2PCO2PH2

KH2OPH2O

√︁
KH2PH2θ2

l −
←−
k3

KCH4KH2OPCH4PH2O

K4K5K7K8
√︁

(KH2OPH2O)5
θ2

l =

=

−→
k 3

K7K8KCO2K1.5
H2 PCO2P 1.5

H2

KH2OPH2O

(︃
1−

KCH4K2
H2O

K3K4K5K2
7K2

8K4
H2

KCO2

PCH4P 2
H2O

PCO2P 4
H2

)︃
(︄

1 + K7K8KCO2KH2PCO2PH2

KH2OPH2O

+
√︁

KH2PH2 + KH2OPH2O

K8
√︁

KH2PH2

)︄2

C.1.3 Rate Expression

Finally, we can see that:

KH2 = θ2
H

PH2θ2
l

; KCO2 = θCOθO

PCO2θl

; KCH4 = θCH4

PCH4θl

; KH2O = θH2O

PH2Oθl

; K3 = θCOθH

θCHOθl

;

K4 = θCOθH

θCHOθl

; K5 = θCH4θ3
l

θCHθ3
H

; K7 = θOHθl

θOθH

; K8 = θH2Oθl

θOHθH

;
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Therefore:

KCH4K2
H2O

K3K4K5K2
7K2

8K4
H2

KCO2

=
P 4

H2PCO2

PCH4P 2
H2O

= 1
Keq

We can also define:

• k = −→k 3
K7K8KCO2K1.5

H2

KH2O

• KH2 =
√︁

KH2

• Kmix = K7K8KCO2KH2

KH2O

• KOH = KH2O

K8
√︁

KH2

The resulting reaction rate is:

rCH4 =
k

PCO2P 1.5
H2

PH2O

(︃
1−

PCH4P 2
H2O

PCO2P 4
H2

Keq

)︃
(︄

1 + KH2P 0.5
H2

+ Kmix
PCO2PH2

PH2O

+ KOH
PH2O

P 0.5
H2

)︄2
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C.2 Koschany model - LCCP modification

The elementary reactions are similar to those proposed by Koschany et al. [90]. The RDS is
again the step of CHO formation, but the CO2 dissociation and CH formation from CHO
are H-assisted, therefore "O" is never formed in the process. The resulting elementary steps
are:

1. CO2 + l ⇌ CO∗
2

2. H2 + 2 l ⇌ 2 H∗

3. CO∗
2 + H∗ ⇌ CO∗ + OH∗

4. CO∗ + H∗ ⇌ CHO∗ + l

5. CHO∗ + H∗ ⇌ CH∗ + OH∗

6. CH∗ + 3 H∗ ⇌ CH∗
4 + 3 l

7. CH∗
4 ⇌ CH4 + l

8. OH∗ + H∗ ⇌ H2O∗ + l

9. H2O∗ ⇌ H2O + l

C.2.1 Derivation

First of all, we introduce some definitions:−→
k 1
←−
k 1

= KCO2 ;
−→
k 2
←−
k 2

= KH2 ;
←−
k 7
−→
k 7

= KCH4 ;
←−
k 9
−→
k 9

= KH2O;
−→
k 3
←−
k 3

= K3;
−→
k 4
←−
k 4

= K4;
−→
k 5
←−
k 5

= K5;
−→
k 6
←−
k 6

= K6;
−→
k 8
←−
k 8

= K8;

So, from r1:
−→
k 1PCO2θl −

←−
k 1θCO2 = 0 ⇒ θCO2 =

−→
k 1PCO2
←−
k 1

θl ⇒ θCO2 = KCO2PCO2θl

From r2:
−→
k 2PH2θ2

l −
←−
k 2θ

2
H = 0 ⇒ θH =

√︄−→
k 2PH2
←−
k 2

θl ⇒ θH =
√︁

KH2PH2θl



C.2. Koschany model - LCCP modification 212

From r7:
−→
k 7θCH4 −

←−
k 7PCH4θl = 0 ⇒ θCH4 =

←−
k 7
−→
k 7

PCH4θl ⇒ θCH4 = KCH4PCH4θl

From r9:
−→
k 9θH2O −

←−
k 9PH2Oθl = 0 ⇒ θH2O =

←−
k 9
−→
k 9

PH2Oθl ⇒ θH2O = KH2OPH2Oθl

From r8:
−→
k 8θOHθH −

←−
k 8θH2Oθl = 0 ⇒ θOH =

←−
k 8θH2O
−→
k 8θH

θl ⇒ θOH = KH2OPH2O

K8
√︁

KH2PH2

θl

From r6:
−→
k 6θCHθ3

H −
←−
k 6θCH4θ3

l = 0 ⇒ θCH =
←−
k 6θCH4
−→
k 6θ3

H

θ3
l ⇒ θCH = KCH4PCH4

K6
√︁

(KH2OPH2O)3
θl

From r5:
−→
k 5θCHOθH−

←−
k 5θCHθOH = 0 ⇒ θCHO =

←−
k 5θCHθOH
−→
k 5θH

⇒ θCHO = KCH4KH2OPCH4PH2O

K5K6K8
√︁

(KH2OPH2O)5
θl

From r3:
−→
k 3θCO2θH −

←−
k 3θCOθOH = 0 ⇒ θCO =

−→
k 3θCO2θH
←−
k 3θOH

⇒ θCO = K3K8KCO2KH2PCO2PH2

KH2OPH2O

θl

Active site balance

Now we can exploit the active sites balance to find θl, defining as MASI the species CO, H,
OH
θCO + θH + θOH + θl = 1

K3K8KCO2KH2PCO2PH2

KH2OPH2O

θl +
√︁

KH2PH2θl + KH2OPH2O

K8
√︁

KH2PH2

θl + θl = 1

θl = 1(︄
1 + K3K8KCO2KH2PCO2PH2

KH2OPH2O

+
√︁

KH2PH2 + KH2OPH2O

K8
√︁

KH2PH2θl

)︄
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RDS

Now we can write the rate expression for the RDS. So:

r4 = rCH4 = −→k 4θCOθH −
←−
k4θCHOθl =

= −→k 4
K3K8KCO2KH2PCO2PH2

KH2OPH2O

√︁
KH2PH2θ2

l −
←−
k4

KCH4KH2OPCH4PH2O

K5K6K8
√︁

(KH2OPH2O)5
θ2

l =

=

−→
k 4

K3K8KCO2K1.5
H2 PCO2P 1.5

H2

KH2OPH2O

(︃
1−

KCH4K2
H2O

K3K4K5K6K2
8K4

H2
KCO2

PCH4P 2
H2O

PCO2P 4
H2

)︃
(︄

1 + K3K8KCO2KH2PCO2PH2

KH2OPH2O

+
√︁

KH2PH2 + KH2OPH2O

K8
√︁

KH2PH2

)︄2

C.2.2 Rate Expression

Finally, we can see that:

KH2 = θ2
H

PH2θ2
l

; KCO2 = θCO2

PCO2θl

; KCH4 = θCH4

PCH4θl

; KH2O = θH2O

PH2Oθl

; K3 = θCOθOH

θCO2θH

;

K4 = θCOθH

θCHOθl

; K5 = θCHθOH

θCHOθH

; K6 = θCH4θ3
l

θCHθ3
H

; K8 = θH2Oθl

θOHθH

;

Therefore:

KCH4K2
H2O

K3K4K5K6K2
8K4

H2
KCO2

=
P 4

H2PCO2

PCH4P 2
H2O

= 1
Keq

We can also define:

• k = −→k 4
K3K8KCO2

√︁
(KH2)3

KH2O

• KH2 =
√︁

KH2

• Kmix = K3K8KCO2KH2

KH2O

• KOH = KH2O

K8
√︁

KH2
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The resulting reaction rate is:

rCH4 =
k

PCO2P 1.5
H2

PH2O

(︃
1−

PCH4P 2
H2O

PCO2P 4
H2

Keq

)︃
(︄

1 + KH2P 0.5
H2

+ Kmix
PCO2PH2

PH2O

+ KOH
PH2O

P 0.5
H2

)︄2



Appendix D

Internally developed models derivation

D.1 Raco − Vidotto Model

D.1.1 Elementary Steps

The elementary steps, that we decided to consider, are:

1. H2 + 2 l ⇌ 2 H∗

2. CO2 + l ⇌ CO∗
2

3. CO∗
2 + l ⇌ CO∗ + O∗

4. CO∗ + H∗ ⇌ COH∗ + l

5. COH∗ + H∗ ⇌ CH∗ + OH∗

6. CH∗ + H∗ ⇌ CH∗
2 + l

7. CH∗
2 + H∗ ⇌ CH∗

3 + l

8. CH∗
3 + H∗ ⇌ CH∗

4 + l

9. CH∗
4 ⇌ CH4 + l

10. O∗ + H∗ ⇌ OH∗ + l

11. OH∗ + H∗ ⇌ H2O∗ + l
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12. H2O∗ ⇌ H2O + l

13. CO∗ ⇌ CO + l

The elementary step 5 is the RDS for CO-methanation, while we decided to consider the
step 3 as RDS for the RWGS.

D.1.2 Derivation

Now we can proceed with the derivation of the final rate expression, considering that all the
steps aside from the RDSs are at quasi-equilibrium.
First of all, we introduce some definitions:

−→
k 1
←−
k 1

= KH2 ;
−→
k 2
←−
k 2

= KCO2 ;
←−
k 9
−→
k 9

= KCH4 ;
←−
k 12
−→
k 12

= KH2O;
←−
k 13
−→
k 13

= KCO;
−→
k 3
←−
k 3

= K3;
−→
k 4
←−
k 4

= K4;
−→
k 5
←−
k 5

= K5;
−→
k 6
←−
k 6

= K6;
−→
k 7
←−
k 7

= K7;
−→
k 8
←−
k 8

= K8;
−→
k 10
←−
k 10

= K10;
−→
k 11
←−
k 11

= K11;

So, from r1:
−→
k 1PH2θ2

l −
←−
k 1θ

2
H = 0 ⇒ θH =

√︄−→
k 1PH2
←−
k 1

θl ⇒ θH =
√︁

KH2PH2θl

From r2:
−→
k 2PCO2θl −

←−
k 2θCO2 = 0 ⇒ θCO2 =

−→
k 2
←−
k 2

PCO2θl ⇒ θCO2 = KCO2PCO2θl

From r9:
−→
k 9θCH4 −

←−
k 9PCH4θl = 0 ⇒ θCH4 =

←−
k 9
−→
k 9

PCH4θl ⇒ θCH4 = KCH4PCH4θl

From r12:
−→
k 12θH2O −

←−
k 12PH2Oθl = 0 ⇒ θH2O =

←−
k 12
−→
k 12

PH2Oθl ⇒ θH2O = KH2OPH2Oθl

From r13:
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−→
k 13θCO −

←−
k 13PCOθl = 0 ⇒ θCO =

←−
k 13
−→
k 13

PCOθl ⇒ θCO = KCOPCOθl

From r4:
−→
k 4θCOθH −

←−
k 4θCOHθl = 0 ⇒ θCOH =

−→
k 4
←−
k 4

θCOθH

θl

⇒ θCOH = K4KCOPCO

√︁
KH2PH2θl

From r8:
−→
k 8θCH3θH −

←−
k 8θCH4θl = 0 ⇒ θCH3 =

←−
k 8
−→
k 8

θCH4

θH

θl ⇒ θCH3 = KCH4PCH4

K8
√︁

KH2PH2

θl

From r7:
−→
k 7θCH2θH −

←−
k 7θCH3θl = 0 ⇒ θCH2 =

←−
k 7
−→
k 7

θCH3

θH

θl ⇒ θCH2 = KCH4PCH4

K7K8KH2PH2

θl

From r6:
−→
k 6θCHθH −

←−
k 6θCH2θl = 0 ⇒ θCH =

←−
k 6
−→
k 6

θCH2

θH

θl ⇒ θCH = KCH4PCH4

K6K7K8
√︁

(KH2PH2)3
θl

From r11:
−→
k 11θOHθH −

←−
k 11θH2Oθl = 0 ⇒ θOH =

←−
k 11
−→
k 11

θH2O

θH

θl ⇒ θOH = KH2OPH2O

K11
√︁

KH2PH2

θl

From r10:
−→
k 10θOθH −

←−
k 10θOHθl = 0 ⇒ θO =

←−
k 10
−→
k 10

θOH

θH

θl ⇒ θO = KH2OPH2O

K10K11KH2PH2

θl

Now all the coverage are function of constant parameters, gaseous species partial pres-
sures and free sites.

Active sites balance

Hernandez et al. assumed as MASI H, OH and COH. We decided to keep the same hypoth-
esis. Therefore the site balance is:

θH + θOH + θCOH + θl = 1
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And substituting, we have:

√︁
KH2PH2θl + KH2OPH2O

K11
√︁

KH2PH2

θl + K4KCOPCO

√︁
KH2PH2θl + θl = 1

Therefore we can define the free sites as function of constants and partial pressures:
θl = 1(︃

1 +
√︁

KH2PH2 + KH2OPH2O

K11
√︁

KH2PH2

+ K4KCOPCO

√︁
KH2PH2

)︃

RDSs

We can finally focus on the RDSs:

• r3 = rRW GS = −→k 3θCO2θl −
←−
k 3θCOθO =

= −→k 3KCO2PCO2θ2
l −
←−
k 3KCOPCO

KH2OPH2O

K10K11KH2PH2

θ2
l =

=

−→
k 3KCO2PCO2

(︃
1− KCOKH2O

K3K10K11KH2KCO2

PCOPH2O

PH2PCO2

)︃
(︃

1 +
√︁

KH2PH2 + KH2OPH2O

K11
√︁

KH2PH2

+ K4KCOPCO

√︁
KH2PH2

)︃2

• r5 = rCOmet = −→k 5θCOHθH −
←−
k 5θCHθOH =

= −→k 5K4KCOPCOKH2PH2θ2
l −
←−
k 5KCH4KH2OPCH4PH2O

K6K7K8K11K2
H2

P 2
H2

θ2
l =

=

−→
k 5K4KCOPCOKH2PH2

(︃
1− KCH4KH2O

K4K5K6K7K8K11KCOK3
H2

PCH4PH2O

PCOP 3
H2

)︃
(︃

1 +
√︁

KH2PH2 + KH2OPH2O

K11
√︁

KH2PH2

+ K4KCOPCO

√︁
KH2PH2

)︃2

D.1.3 Rate expressions

Finally, we can see that:
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KH2 = θ2
H

PH2θ2
l

; KCO2 = θCO2

PCO2θl

; KCH4 = θCH4

PCH4θl

; KH2O = θH2O

PH2Oθl

;

KCO = θCO

PCOθl

; K3 = θCOθO

θCO2θl

; K4 = θCOHθl

θCOθH

; K5 = θCHθOH

θCOHθH

;

K6 = θCH2θl

θCHθH

; K7 = θCH3θl

θCH2θH

; K8 = θCH4θl

θCH3θH

; K10 = θOHθl

θOθH

;

K11 = θH2Oθl

θOHθH

;

Therefore:

• KCOKH2O

K3K10K11KH2KCO2

= PCO2PH2

PCOPH2O

= 1
Keq

RW GS

• KCH4KH2O

K4K5K6K7K8K11KCOK3
H2

=
PCOP 3

H2

PCH4PH2O

= 1
Keq

COmet

We can also define:

• kRW GS = −→k 3KCO2

• kCOmet = −→k 5K4KCOKH2

• KOH = KH2O

K11
√︁

KH2

• KCOH = K4KCO

√︁
KH2

The final rate expressions that we derived are:

• rRW GS =
kRW GSPCO2

(︃
1− PCOPH2O

PH2PCO2Keq
RW GS

)︃
(︃

1 +
√︁

KH2PH2 + KOH
PH2O√︁

PH2

+ KCOH

√︁
PH2PCO

)︃2

• rCOmet =
kCOmetPCOPH2

(︃
1− PCH4PH2O

PCOP 3
H2

Keq
COmet

)︃
(︃

1 +
√︁

KH2PH2 + KOH
PH2O√︁

PH2

+ KCOH

√︁
PH2PCO

)︃2
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D.2 Vidotto − Raco Model

D.2.1 Elementary steps

The elementary steps, that we decided to consider, are:

1. H2 + 2 l ⇌ 2 H∗

2. CO2 + l ⇌ CO∗
2

3. CO∗
2 + H∗ ⇌ CO∗ + OH∗

4. CO∗ + H∗ ⇌ COH∗ + l

5. COH∗ + H∗ ⇌ CH∗ + OH∗

6. CH∗ + H∗ ⇌ CH∗
2 + l

7. CH∗
2 + H∗ ⇌ CH∗

3 + l

8. CH∗
3 + H∗ ⇌ CH∗

4 + l

9. CH∗
4 ⇌ CH4 + l

10. OH∗ + H∗ ⇌ H2O∗ + l

11. H2O∗ ⇌ H2O + l

12. CO∗ ⇌ CO + l

In our derivation the RDSs are step 5 for the CO methanation and step 3 for the RWGS.

D.2.2 Derivation

First of all, we introduce some definitions:−→
k 1
←−
k 1

= KH2 ;
−→
k 2
←−
k 2

= KCO2 ;
←−
k 12
−→
k 12

= KCO;
←−
k 9
−→
k 9

= KCH4 ;
←−
k 11
−→
k 11

= KH2O;
−→
k 4
←−
k 4

= K4;
−→
k 6
←−
k 6

= K6;
−→
k 7
←−
k 7

= K7;
−→
k 8
←−
k 8

= K8;
−→
k 10
←−
k 10

= K10;
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So, from r1:
−→
k 1PH2θ2

l −
←−
k 1θ

2
H = 0 ⇒ θH =

√︄−→
k 1PH2
←−
k 1

θl ⇒ θH =
√︁

KH2PH2θl

From r2:
−→
k 2PCO2θl −

←−
k 2θCO2 = 0 ⇒ θCO2 =

−→
k 2
←−
k 2

PCO2θl ⇒ θCO2 = KCO2PCO2θl

From r12:
−→
k 12θCO −

←−
k 12PCOθl = 0 ⇒ θCO =

←−
k 12
−→
k 12

PCOθl ⇒ θCO = KCOPCOθl

From r9:
−→
k 9θCH4 −

←−
k 9PCH4θl = 0 ⇒ θCH4 =

←−
k 9
−→
k 9

PCH4θl ⇒ θCH4 = KCH4PCH4θl

From r11:
−→
k 11θH2O −

←−
k 11PH2Oθl = 0 ⇒ θH2O =

←−
k 11
−→
k 11

PH2Oθl ⇒ θH2O = KH2OPH2Oθl

From r4:
−→
k 4θCOθH −

←−
k 4θCOHθl = 0 ⇒ θCOH =

−→
k 4
←−
k 4

θCOθH

θl

⇒ θCOH = K4KCOPCO

√︁
KH2PH2θl

From r10:
−→
k 10θOHθH −

←−
k 10θH2Oθl = 0 ⇒ θOH =

←−
k 10
−→
k 10

θH2Oθl

θH

⇒ θOH = KH2OPH2O

K10
√︁

KH2PH2

θl

From r8:
−→
k 8θCH3θH −

←−
k 8θCH4θl = 0 ⇒ θCH3 =

←−
k 8
−→
k 8

θCH4θl

θH

⇒ θCH3 = KCH4PCH4

K8
√︁

KH2PH2

θl

From r7:
−→
k 7θCH2θH −

←−
k 7θCH3θl = 0 ⇒ θCH2 =

←−
k 7
−→
k 7

θCH3θl

θH

⇒ θCH2 = KCH4PCH4

K7K8KH2PH2

θl

From r6:
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−→
k 6θCHθH −

←−
k 6θCH2θl = 0 ⇒ θCH =

←−
k 6
−→
k 6

θCH2θl

θH

⇒ θCH = KCH4PCH4

K6K7K8(
√︁

KH2PH2)3
θl

Active sites balance

Now we can exploit the active sites balance to find θl, defining as MASI the species H, OH,
COH:
θH + θOH + θCOH + θl = 1

√︁
KH2PH2θl + KH2OPH2O

K10
√︁

KH2PH2

θl + K4KCOPCO

√︁
KH2PH2θl + θl = 1

θl = 1(︃
K4KCOPCO

√︁
KH2PH2 +

√︁
KH2PH2 + KH2OPH2O

K10
√︁

KH2PH2

)︃
RDSs

Now we can write the rate expressions for the RDSs. So:

r5 = rCOmeth
= −→k 5θCOHθH −

←−
k 5θCHθOH

=
(︃
−→
k 5K4KCOPCOKH2PH2 −

←−
k 5

KCH4PCH4

K6K7K8(
√︁

KH2PH2)3

KH2OPH2O

K10
√︁

KH2PH2

)︃
)θ2

l

−→
k 5K4KCOPCOKH2PH2

(︃
1−
←−
k 5
−→
k 5

KCH4PCH4KH2OPH2O

K6K7K8K10(KH2PH2)3K4KCOPCOKH2PH2

)︃
θ2

l

We can notice that:

−→
k 5
←−
k 5

= K5 = θCHθOH

θCOHθH

; KCH4 = θCH4

PCH4θl

; KH2O = θH2O

PH2Oθl

;

K6 = θCH2θl

θCHθH

; K7 = θCH3θl

θCH2θH

; K8 = θCH4θl

θCH3θH

; K10 = θH2Oθl

θOHθH

;

KH2 =
θ2

H2

PH2θ2
l

; K4 = θCOHθl

θCOθH

; KCO = θCO

PCOθl

;

And so:
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←−
k 5
−→
k 5

KCH4PCH4KH2OPH2O

K6K7K8K10(KH2PH2)3K4KCOPCOKH2PH2

=
PCOP 3

H2

PCH4PH2O

= 1
Keq

COmeth

Then:

r5 = rCOmeth
=

−→
k 5K4KCOKH2PCOPH2

(︃
1− PCH4PH2O

PCOP 3
H2

Keq
COmeth

)︃
(︃

1 + K4KCOPCO

√︁
KH2PH2 +

√︁
KH2PH2 + KH2OPH2O

K10
√︁

KH2PH2

)︃2

While, for the RWGS we can write:
r3 = rRW GS = −→k 3θCO2θH −

←−
k 3θCOθOH

=
(︃
−→
k 3KCO2PCO2

√︁
KH2PH2 −

←−
k 3

KCOPCOKH2OPH2O

K10
√︁

KH2PH2

)︃
θ2

l

= −→k 3KCO2PCO2

√︁
KH2PH2

(︃
1−
←−
k 3
−→
k 3

KCOPCOKH2OPH2O

K10KH2PH2KCO2PCO2

)︃
θ2

l

And, again, we can notice that:−→
k 3
←−
k 3

= K3 = θCOθOH

θCO2θH

; KCO2 = θCO2

PCO2θl

;

So:

KCOKH2O

K3K10KH2KCO2

= PH2PCO2

PCOPH2O

= 1
Keq

RW GS

r3 = rRW GS =

−→
k 3KCO2PCO2

√︁
KH2PH2

(︃
1− PCOPH2O

PCO2PH2Keq
RW GS

)︃
(︃

1 + K4KCOPCO

√︁
KH2PH2 +

√︁
KH2PH2 + KH2OPH2O

K10
√︁

KH2PH2

)︃2

D.2.3 Rate expressions

We can group some constants:

−→
k 5K4KCOKH2 = kCOmeth
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−→
k 3KCO2

√︁
KH2 = krW GS

K4KCO

√︁
KH2 = KCOH

KH2O

K10
√︁

KH2

= KOH

And write the two rate expressions:

• rCOmeth
=

kCOmeth
PCOPH2

(︃
1− PCH4PH2O

PCOP 3
H2

Keq
COmeth

)︃
(︃

1 + KCOHPCO

√︁
PH2 +

√︁
KH2PH2 + KOH

PH2O√︁
PH2

)︃2 ;

• rRW GS =
kRW GSPCO2

√︁
PH2

(︃
1− PCOPH2O

PCO2PH2Keq
RW GS

)︃
(︃

1 + KCOHPCO

√︁
PH2 +

√︁
KH2PH2 + KOH

PH2O√︁
PH2

)︃2 ;
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