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Resumen en Castellano 

 

 El diseño y estudio de dos importantes procesos catalíticos usando CO2 han 

sido realizados: su acoplamiento reductivo con etileno y su metanación. 

  Por un lado, para el primer proceso se han desarrollado cálculos DFT 

usando Gaussian 16 para definir el mecanismo de reacción constituido por el 

acoplamiento oxidativo y la β-eliminación. Se han diseñado dos mecanismos 

acoplando un etileno y dos etilenos a cada ligando usado en este proyecto, 

obteniéndose un resultado más favorable a partir del mecanismo planteado con el 

primero. 

 Por otro lado, el estudio de metanación de CO2 indica que la influencia de 

la presión y la temperatura es significativa sobre que la de parámetros como la 

conversión de los reactivos y la producción de metano. Las condiciones ideales para 

el proceso son: una temperatura de 550 K y altas presiones. La relación molar de los 

reactantes debe ser estimada a través de un balance de energía. 

 

Palabras Clave 
 Dióxido de carbono, metanación, acoplamiento reductivo, DFT y catálisis 

homogénea. 
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Abstract 
 
A design and study for two important CO2 utilization catalytic processes: its reductive 

coupling with ethylene to produce acrylic acid and its methanation to produce methane. 
 
From one hand, DFT calculations have been done using Gaussian 16 to define the reaction 

mechanism constituted by the oxidative coupling and the β-hydride elimination, considered 

the most limiting step in the reaction, which has a more favorable mechanism from the cis 

conformer. N-Heterocyclic carbenes have been used as ligands to study two different reaction 

mechanisms depending on nickel chemical properties. The first mechanism starts with one 

ethylene and the second mechanism with two ethylenes. They differ in the way the oxidative 

coupling takes place, obtaining later a different intermediate and in the fact one ethylene 

might be dissociated. Different causes as the squared plannar geometry in the metallic center, 

possible agostic interactions and so more on bring a better stability in the structures. The most 

optimal ligands are the ones with better steric control as it is found in the literature. 

On the other hand, CO2 methanation study has indicated that the influence of pressure and 

temperature is significantly over different parameters as reagents conversion, methane 

production and carbon monoxide production. The ideal conditions to obtain a higher 

hydrogen conversion and methane production are: a temperature of 550 K and high pressures. 

However, a complete energy balance might be done considering the different machines as 

compressors, heat exchangers and separators to determine which is specifically the best molar 

ratio for this process and to verify how high the pressure needs to be without affecting the 

energetic cost. 
 
 
 

Keywords Reductive coupling, Density Functional Theory, homogenous catalysis, N-

Heterocyclic carbenes, nickel, CO2 methanation.
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Abstract: This article studies two different CO2 utilization 

catalytic processes: its reductive coupling with ethylene to 

produce acrylic acid and its methanation to produce methane. 

The first has been studied through Gaussian 16 using nine N-

heterocyclic carbenes with different steric and electronic 

properties, obtaining that the β-elimination is the limiting step in 

two reaction mechanisms. For the second process, there have 

been done different simulations using Aspen Plus, resulting low 

temperatures and low pressures as optimal conditions. However, 

the molar ratio between reactants might be chosen after a 

complete energy balance. 

Keywords: Reductive coupling, Density Functional Theory, 

homogenous catalysis, N-Heterocyclic carbenes, nickel, CO2 

methanation. 

I. INTRODUCTION 

     Carbon dioxide (CO2) is considered today to be the major 

cause of climate change, due to its greenhouse properties and 

its continuous accumulation in the atmosphere.[1] At the same 

time, the atmospheric concentration of this compound rose 

from 278 ppm during the preindustrial times to a current level 

of approximately 411.68 ppm,[2]meaning that the use of 

carbon based fossil fuels in human activities (representing 

almost 80-85% of the world’s energy sources) could increase 

more causing worse effects.[3] However, carbon is not the 

only source of CO2, because it can be originated from 

petroleum or even gas combustion, so the problem comes from 

several causes.[4] 

     For this reason, it must be found measures to reduce CO2 

emissions and with them it would be possible to attack some 

threats that are kept being a disadvantage for the world, such 

as the global warming and so on. Carbon dioxide could take a 

different pathway in comparison with the ones used nowadays. 

Due to its reactivity, two possible examples are the reductive 

coupling between carbon dioxide and ethylene in which the 

acrylic acid is obtained. Secondly, the methanation process 

consisting in the reaction between this gas and hydrogen to 

produce methane. For the first case, it is a potential alternative 

route to acrylic acid or acrylate, because they have been 

studied employing various (transition) metal complexes.[5] In 

the second one, the Sabatier process or also called 

methanation, can also be used to reduce CO2 generated in a 

space habitat to reclaim the oxygen for recycle.  

     The reductive coupling between carbon dioxide and 

ethylene can be studied through N-heterocyclic carbenes. This 

type of complex compounds is now widespread[6]; these 

exciting species have found applications in transition metal 

chemistry[7], as organocatalysts.[8]and as reagents to stabilize 

                                                           
 

geometries and oxidation states of main group elements.[7] At 

the same time, their recognized popularity can be attributed to 

several factors as their highly molecular leading to their large 

structural and stereoelectronic diversity and the fact of being 

prepared easily with strong metal-NHC bonds.[9] Besides, 

NHC have two important characteristics that might be 

considered at the time of deciding to use them as catalysts: 

their electronic properties and their steric properties.[10] 

II. METHODS 

Computational programs have been used to design and study 

the CO2 utilization catalytic processes. 

A. Method for the reductive coupling of carbon dioxide with 

ethylene 

The program used to study the reductive coupling between 

CO2 and ethylene is Gaussian 16, starting from the following 

mechanism found in Figure 1. 

 

 
Figure 1. Reaction mechanism proposed by Hollering et al.5 

 

     Each intermediate was built in Gaussian 16, sent to 

optimize and after it has converged, it has been performed a 

rotational scan study through a 360º rotation in a dihedral 

scan, consisting in sweeps of 36 steps of 10º each, with the 

aim of studying the conformer with the lowest energy and 

from this obtaining the structure the most stable as possible. 

Once each of them has been obtained, then there have been 

done diverse types of bond scans to look for possible 

transition states for the oxidative coupling (the approaching of 

CO2 carbon to each of the ethylene carbons) and for the β-

hydride elimination (the approaching of the β-hydrogen to the 

metallic atom).  



     Using these scans, when a possible result is found, it is sent 

as a possible transition state (TS) and if it shows an imaginary 

frequency associated with the reaction mechanism and it 

converges in all the aspects, an IRC is performed (Intrinsic 

Reaction Coordinate) in both directions (forward and reverse) 

to determine that it is precisely the searched transition state. 

Then, based on this energy values, the partial Gibbs free 

energy diagrams have been built for each ligand and then it is 

determined how these ligands participate in the steps such as 

the oxidative coupling and the most limiting step: β-hydride 

elimination.  

In addition, for these calculations it has been applied the 

functional PBE1BE, based on the functional PBE. The 

polarized divided valence (SVP) has been applied through the 

base Def2SVP considering the equations that approximate to 

the Schrödinger equation according to Koch et al.[11].  

The nine ligands used for this investigation are shown in 

Figure 2. 
 

 

Figure 2. N-Heterocyclic carbenes used as ligands. IPr (1), 

SIPr (2), IPr* (3), SIPr* (4), IHept (5), Isoqui (6), ISO (7), 

IDD (8) and IAd (9) 

     All these ligands are constituted by an ylidene ring and 

they have been chosen due to the clasiffication studied by 

Gómez-Álvarez et al.[12] about these ligands in N-alkyl and 

N-aryl ligands according to their electronic and steric 

properties. 

B. Method for carbon dioxide methanation 

CO2 methanation takes place in the following raction:  

CO2 + 4H2    CH4 + 2H2O      ΔH = - 206.28 kJ mol-1  (1) 

At the same time, there is a secondary reaction called Water 

Gas Shift (WGS): 

CO + H2O   CO2 + H2       ΔH = - 41.16 kJ mol-1        (2) 

Aspen Plus has been the main tool to study CO2 methanation 

starting from some initial conditions that CATCO2RE has 

estimated for their process: methanation catalysts: supported 

Ni, Ru or Co; conditions: pressure of 1 atmosphere and a 

temperature equals or higher than 550 K, to prevent the 

formation of volatile Ni-carbonyls; selectivity: 100% for 

stoichiometric feeds (will depend on feed composition); 

conversion: as higher as possible, but it is better if it is 100%.; 

reactor dimensions & catalyst amount: 1 cm diameter, ~0.5 

g of 15 wt.% Ni on y-Al2O3 (75% conversion, no heat or mass 

transfer limitations and negligible pressure drop) and catalyst 

stability: sulfur, water and so on.  

In this case, it has been used a Gibbs reactor to minimize the 

Gibbs Free energy for each reaction, without considering the 

kinetics involved in them. Using this reactor and the 

thermodynamic model chosen for the study: Peng-Robinson 

(PR), several sensitivity analyses have been done to study the 

influence of the temperature, pressure and H2/CO2 molar ratio 

over different parameters as reactants conversion, methane 

production, methane yield, methane molar fraction and carbon 

monoxide production.  

Thus, an energy balance has been estimated using the 

simulations results and a design process has been proposed to 

detail this balance. Then, diverse types of waste (household 

waste, wastewater treatments and waste of agrifood) have been 

considered as feed for the reactor with different compositions, 

as it is shown in Table 1. 

Table 1. Feed compositions according to the type of waste 

 

 

III. RESULTS AND DISCUSSION 

A. Results for the reductive coupling of carbon dioxide with 

ethylene 

The different ligands used for this investigation have been 

divided into three groups considering their steric control 

studied by Gómez-Álvarez et al.[12]: IHept, IPr* and SIPr* 

(first group), IPr, SIPr and IAd (second group) and finally 

IDD, ISO and Isoqui (third group). There have been studied 

two different reaction mechanisms: the first constituted by one 



ethylene and the second constituted by two ethylenes, owing to 

the stability the metallic center (nickel) acquires with 16 

electrons counted in accordance with the 18-electron rule for 

organometallic compounds. In Figure 3, it is shown the first 

proposed reaction mechanism and in Figure 4, it is shown the 

correspondent partial energy diagram for the first group. 

 

 
Figure 3. First reaction mechanism 

 

 
 
Figure 4. Partial energy diagram for first group in the first 

reaction mechanism (IPr* (red), SIPr* (green) and IHept 

(blue); solid line (cis mechanism) and dashed line (trans 

mechanism) 

The first aspect that may be mentioned is referred to the 

presence of the two ethylenes bound to the organometallic 

compound in the diagrams. The latter is more stable than the 

one with just one ethylene, so that is why it has been used as 

the reference to estimate the Gibbs Free energy for each step 

in the mechanism. In the three groups, as it happens in Figure 

4, in the first step (the oxidative coupling), it has been 

obtained that the β-coupling gets higher energies than the α-

coupling, due to the high energetic cost it takes to obtain the 

cis-lactone in comparison with the trans-lactone, which at the 

same time are more stable than the others. 

     The limiting step in the proposed mechanism is the β-

elimination, as it has been stablished by Buntine et al.[13]  due 

to the high kinetic barrier that it might be beaten. The 

transition state from the trans-lactone to the hydride acrylate-

trans is too high, taking values of almost 350 kJ mol-1, which 

is practically undesired and impossible to develop in real life. 

Nevertheless, while it is true that the cis-lactone (transition 

state) is more stable but with high energies too, at the time of 

looking for the ideal mechanism, this becomes the key step to 

choose between one or the another. 

     Regarding ligands, IDD represents the ligand with the 

highest Gibbs Free energies in almost all the steps, which 

coincides with the study done by Gómez et al.[12] and the 

definition of this ligand as the one with less steric control 

among the studied in this investigation. 

     Thus, IHept represents the ligand with more stability, 

mentioned by Gómez et al.[12]  as the bulkiest among the 

studied, which can be seen in the previous Figure through the 

energies in comparison with IPr* and SIPr*. At the same time, 

the ligands not study by them, Isoqui and ISO have shown a 

favorable result for this reaction, due among other reasons to 

the electronic cloud coming from the aromatic rings that 

provides greater stability to the reagent. 

     The second reaction mechanism is shown in Figure 5 and 

the correspondent partial energy diagram for the first group, it 

is shown in Figure 6. 

 
Figure 5. Second reaction mechanism 

 

 
Figure 6. Partial energy diagram for first group in the first 

reaction mechanism (IDD* (red), ISO (green) and Isoqui 

(blue)); solid line (cis mechanism) and dashed line (trans 

mechanism) 

     It has been found that the transition state in the coupling 

has not a specific trend to be more convenient in terms of 

stability for the α or β carbon bond. At the same time, owing 

to the mistakes found in the IRC for some of the ligands, it is 

necessary to verify their validity. Furthermore, this mechanism 

becomes important when the following intermediate 



conformed by an ethylene and lactone is more stable than the 

proper lactones, owing to the electrons the ethylene could 

contribute (2 electrons) to the compound, that brings more 

stability, besides the geometry that the metallic center 

acquires. 

     Then, both mechanisms have the same pathway starting 

from the β-elimination, that might occur with one ethylene. 

For this reason, for the second mechanism it has been found 

that it is not possible to produce this step with another 

ethylene, so this means the one not forming part of the lactone 

might be dissociated, as it was found by Grubbs et al.[14] and 

the necessary structure for which the β-elimination takes place, 

where the M–C–C–H unit must be able to take up a roughly 

syn-coplanar conformation, which brings the β hydrogen close 

to the metal.[15]   

     Hence, the importance of having lower energies in the 

oxidative coupling is given due to the high energies in the β-

elimination. As it has been already shown, both proposed 

mechanisms follow the same steps after the dissociation. 

Energetically, the transition state for the trans-lactone involves 

an unattainable way that would not take place easily, and it 

also results unreal to develop in the laboratory. At the same 

time, the transition state after the cis-lactone, despite of having 

high energies, allow to produce the hydride acrylate that is 

necessary to continue to the following steps to produce acrylic 

acid. 

B. Results for methanation 

B.1. Influence of the temperature and pressure 

The study of the influence of pressure and temperature has 

been done using different sensitivity analysis in Aspen Plus. In 

the following Figures, there are shown the effect of both 

parameters over the most important criterions for the study: 

hydrogen conversion and methane production. 

 

 
Figure 7. H2 conversion vs. reaction temperature and pressure 

As it is shown, H2 conversion shows higher values for a 

equimolar ratio at low temperatures, due to the fact that when 

the temperature increases, the equilibrium constant decreases 

and the equilibrium reaction moves to the left, producing 

higher reactants flow and having a lower conversion. In the 

case of pressure, an amount of pressure involves a higher 

conversion, because the total of moles in the product side is 

lower than in the reactants, which means that the reversible 

reaction moves to the right.  

In the case of the methane production, in Figure 8 there are 

shown the same parameters. 

 

 
Figure 8. CH4 production vs. reaction temperature and 

pressure 

     For methane production, it has been found that the 

stoichiometric molar ratio is more favourable in comparison 

with others at low temperatures, while the production 

increases through an amount in the pressure. 

     Regarding other parameters, CO2 conversion is higher at 

low temperatures and high pressures. Water Gas Shift reaction 

starts at 650 K, increasing CO production while the 

temperature increases. The pressure does not represent a 

crucial factor for WGS, because it has the same number of 

moles in each side of the reaction. Finally, CH4 yield is 

representantly higher regarding CO2, which will be 

determinant for this production. 

     After these results, it has been concluded that the 

methanation needs to take place at the minimum temperature 

stablished in the conditions (550 K) and at high pressures. 

However, the molar ratio results a dilemma due to the result 

obtained for each criterion that becomes a contradiction. For 

this reason, it has been done an energy balance to determine 

the preference among the molar ratios. 

 



 
Figure 9. Duty reactor vs. Pressure 

 

     Figure 9 shows that the Gibbs reactor produces a higher 

duty when there are high pressures and the molar ratio 

increases, due to the two effects already mentioned (the 

increasing of reagents flow and an amount in the pressure, 

which generate a displacement in the reaction to the right, 

promoting the formation of products). According to the 

objectives already mentioned, this energy balance should not 

be focused exclusively in the reactor, because at the end it is 

preceded and followed by other machines and equipment 

which are extremely important due to the energy they use or 

produce in the process.  

     Due to this characteristic, the election of any specific 

pressure or molar ratio basing just on Figure 9 is not enough to 

rule out other conditions. 

     Therefore, it has been created a flow diagram considering a 

compressor, two heat exchangers and a separator as it has 

been proposed by Porubova et al.[16], to indicate how the 

energy may be estimated for different cases.  

 

 
Figure 10. Proposed flow diagram 

 

     In the separator, the energy separation has been estimated 

using the Gibbs energy of separation (2) 

(2) 

which works for ideal gases using molar fractions in dry basis, 

because water is easier to separate in comparison with the rest 

of gases. This is not the exactly case, but it brings an idea on 

how the energetic behavior is. In Figure 11, it is shown the 

result of this calculation. 

 
Figure 6.10  Energy separation vs. pressure 

     Differing from the previous case, energy separation seems 

to acquire the lowest values at high pressures and a 

stoichiometric ratio. For this reason, it is needed to do a total 

energy balance considering each energy to stablish a final 

judgement about the optimal conditions, because energy 

separation is just a part of the entire calculation. 

 

B.2. Study of types of waste 

     It has been determined that wastewater treatments have a 

more adequate result for the methanation, owing to the 

kinetics and thermodynamics involved in the reaction that is 

favorized when H2 molar ratio:the rest of gases in the feed is 

necessary to not exceed the determined boundaries shown in 

the methods (hydrogen molar fraction is even higher for 

household water treatments). 

IV. CONCLUSIONS  

First, the reductive coupling of CO2 with ethylene has been 

studied through homogeneous catalysis. There have been 

proposed two different mechanism reactions: the first starting 

with one ethylene and the second with two ethylenes, to 

complete the stability of 16 electrons in nickel complex. The 

studied steps, the oxidative coupling and the β-elimination 

have been considered following two different pathways 

depending on which CO2 carbon is bound: cis (for β-ethylene 

carbon) and trans (for α- ethylene carbon). 

The β-elimination produced via the trans-lactone has been 

found practically impossible to put in practice, because the 

Gibbs Free Energy have resulted to be even 350 kJ mol-1, 

which is unattainable in the experimental design. Therefore, 

the pathway considered for the reaction to take place starts 

from the α-coupling through the first reaction mechanism, 

because it has not been determined how it would be the 

ethylene dissociation for the second mechanism that could 

involve higher energetic costs. Finally, the most optimal 

ligands according to the results have been IHept, Isoqui and 

ISO, which have registered favorable energies in the process 

and this is desired in terms of the reaction, that might be 

completed to verify its validity until the acrylic acid 

production. 

     Secondly, the study of the CO2 methanation done through 

the design of a Gibbs reactor in Aspen Plus has allowed to 

determine that the preferred temperature according to the 

exothermic behaviour of the reactions is 550 K, precisely the 

one stablished as the minimum, because higher temperatures 

would imply lower hydrogen conversions and worse methane 

production. In addition, pressure is a magnitude that would 

favorize this reaction when it acquires higher values than the 

atmospheric one. Regarding the reactants molar ratio, from the 



beginning it is hard to determine a specific relation according 

to the goals, in view they have opposite effects if they are 

taken higher or lower values than the stoichiometric ratio, 

what leads to do an energy balance.  

     The separation energy has been estimated from the 

supposition of working with ideal gases and it just brings an 

idea on how much energy would be obtained from determined 

pressures and molar ratios. It is obtained that for the 

stoichiometric ratio brings the most optimal energy, without 

taking a complete analysis. Finally, it has been found that 

wastewater treatments have a more adequate result for the 

methanation, owing to the kinetics and thermodynamics 

involved in the reaction that is favorized when H2 molar 

ratio/the rest of gases is necessary to not exceed the 

determined boundaries shown in the methods, in comparison 

with household and agrifood wastes. 

 

ABBREVIATIONS 

DFT Density Functional Theory 

IAd 1,3-Diadamantylylimidazol-2-ylidene 

IDD 1,3-Dicyclododecylimidazol-2-ylidene 

IHept 1,3-Bis(2,6-di(4-heptyl)phenyl)imidazol-2-ylidene 

IPr 1,3-Bis(2,6-di-iso-propylphenyl)imidazol-2-ylidene 

IPr* 
1,3-Bis(2,6-bis(diphenylmethyl)-4-

methylphenyl)imidazol-2-ylidene 

ISO 
2-p-5-(2-methylnaphthalen-1-yl)imidazo[1,5-b]-

isoquinolinium 

Isoqui 
2-Benzyl-5-(2-methylnaphthalen-1-yl)imidazo[1,5-b]-

isoquinolinium 

NHC N-Heterocyclic Carbene 

SIPr 
1,3-Bis(2,6-di-iso-propylphenyl-4,5-dihydroimidazol-

2-ylidene 

SIPr* 
1,3-Bis(2,6-bis(diphenylmethyl)-4,5-dihydroimidazol-

2-ylidene 

WGS Water-Gas Shift 
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Chapter 1 

Introduction 
 

Carbon dioxide (CO2) is considered today to be the major cause of climate change, due to its 

greenhouse properties and its continuous accumulation in the atmosphere.1 At the same time, the 

atmospheric concentration of this compound rose from 278 ppm during the preindustrial times to a 

current level of approximately 411.68 ppm,2 meaning that the use of carbon based fossil fuels in 

human activities (representing almost 80-85% of the world’s energy sources) could increase more 

causing worse effects.3 However, carbon is not the only source of CO2, because it can be originated 

from petroleum or even gas combustion, so the problem comes from several causes.4 

 

For this reason, it must be found measures to reduce CO2 emissions and with them it would be 

possible to attack some threats that are still being a disadvantage for the world, such as the global 

warming and so more on. Society can contribute with this fact, but this contribution is not enough,3 so 

that is why technologies must be created or developed to significantly reduce the concentration of CO2 

in the atmosphere. It is not affordable to delete it completely, due to the excessive cost this requires, 

thus this would not be a solution.6 Furthermore, the feasible options that are still available lay down in 

the use of carbon dioxide as a raw material for chemical compounds and fuels. However, the creation 

of new pathways for several processes in its sustainability and CO2 employment could be an absolutely 

crucial step.6 

 

Nevertheless, the use of carbon dioxide as a raw material for chemical synthesis is one of the 

biggest scientific challenges nowadays.7-8 In addition, the capture and use of carbon dioxide has been 

recognized by important organisms as the European Chemical Council and the European Union as one 

of the most relevant researches to achieve the climate objectives established for 2050.9 Due to its 

chemistry, carbon dioxide has a high oxidation state7, giving an acceleration of its thermodynamics, 

causing a difficulty to be a raw material for the industry. On the contrary, the activation of carbon 

dioxide needs a high amount of energy, which can be obtained through various sources such as 

electricity, heat or even with the use of high energy substrates, as well as active, selective, stable and 

economic catalysts.10 
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Then, as it has already been mentioned, carbon dioxide could take a different pathway in 

comparison with the ones used nowadays. Due to its reactivity, two possible examples are the 

reductive coupling between carbon dioxide and ethylene in which the acrylic acid is obtained. 

Secondly, the methanation process consisting in the reaction between this gas and hydrogen to 

produce methane. For the first case, it is a potential alternative route to acrylic acid or acrylate, 

because they have been studied using various (transition) metal complexes.11 In the second one, the 

Sabatier process or also called methanation, can also be used to reduce CO2 generated in a space 

habitat to reclaim the oxygen for recycle.  

The reductive coupling between carbon dioxide and ethylene can be studied through N-

heterocyclic carbenes. This type of complex compounds is now widespread12; these exciting species 

have found applications in transition metal chemistry13, as organocatalysts14  and as reagents to 

stabilize geometries and oxidation states of main group elements.13 At the same time, their recognized 

popularity can be attributed to several factors as their highly molecular leading to their large structural 

and stereoelectronic diversity and the fact of being prepared easily with strong metal-NHC bonds.15  

Besides, NHC have two important characteristics that might be considered at the time of deciding to 

use them as catalysts: their electronic properties and their steric properties.16  

From one hand, the first parameter involves major contributions from σ- or π-donation as well 

as π-accepting properties. Besides, the donating ability is associated with the energy level of the 

highest occupied molecular orbital (HOMO) meaning that the higher the HOMO energy of a ligand, 

the stronger is its electron donating ability. When it is considered the lowest unoccupied molecular 

orbital (LUMO), it is referred to the electron acceptor capability of a ligand, meaning in this case that 

the lower the LUMO energy, the better is the accepting property of a ligand.15 On the other hand, the 

second parameter requires the concept of percent buried volume, defined as the percentage of a sphere 

(with a radium of approximately 3.5 Å) around the metallic center that is occupied by a given ligand.16 

1.1 Aim 
 

The aim of this thesis is to design two uses currently attributed for the carbon dioxide catalytic 

processes: its reductive coupling with ethylene to obtain acrylic acid and the methanation process in 

which methane is the main product. From one hand, there is a proposed mechanism for the first 

reaction composed by 4-steps (oxidative coupling, β-hydride elimination, reductive elimination and 

ligand exchange). Through the use of organometallic ligands, new strategies to create optimal 

conditions for the β-Hydride elimination via activation of the M-O bond seem to be a viable strategy 

that could be studied using these compounds.  On the other hand, a Gibbs reactor will be designed in 

Aspen Plus considering some initial conditions such as pressure, temperature and conversion. 



 

3 

 

Furthermore, the thermodynamic methodology applied in this program will allow to define which is 

the molar ratio that must be used for the methanation reactants according to the goal drawn from the 

beginning. 

1.2 Structure of this work 
 

Chapter 2 presents a state of the art of CO2 reductive coupling with ethylene. The aim of this 

literature study is to provide an overview of the different projects that have similarly worked with this 

reaction employing the same or similar programs. According to the different catalysts used by other 

authors, there will be shown the different contributions coming from them. 

Chapter 3 presents a state of the art for CO2 methanation. The aim of this literature study is to 

provide an overview of all the parameters studied by several authors depending on different conditions 

such as temperature, pressure and conversion, and what it has implied from the computational point of 

view. 

Chapter 4 presents the computational methods applied for each of the catalytic processes 

mentioned before. In addition, the essential thermodynamic concepts, the explanation of each of the 

data used to do the calculations in Gaussian 16 and the methodology applied in Aspen Plus to study 

the methanation process. 

Chapter 5 presents the results obtained from the reductive coupling, considering the 

discussion for the intermediate and transition states obtained, and their correspondent energy diagrams 

created from Gaussian 16. 

Chapter 6 presents the results obtained from the methanation study, evaluating the different 

parameters involved in the reaction, contemplating several types of waste used as feed flows and the 

discussion for the best option according to the conditions stablished in the methodology and proposing 

an energy balance for the most optimal values that the parameters could acquire at the time of 

designing the process. 

Chapter 7 presents the conclusions and future work determined from the development of this 

project. 
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Chapter 2 

Reductive coupling of carbon dioxide 

with ethylene 
   
 A possible pathway to improve the carbon dioxide conversion can be found in its catalytic 

coupling reaction with ethylene for the production of acrylic acid. The latter is a chemical with high 

importance in the industry that exceeds a demand of 4 Mt/year.1 In addition, this oxidative coupling 

could be done through several homogeneous transition metal complexes such as titanium, iron, nickel, 

molybdenum and others.2,3 

 (1) 

 Based on this, it is important to detail how the study of this reaction has evolved over time, 

considering all the contributions given by different authors and detailing its state of the art. It must be 

considered some important investigations with a similar work in comparison with this project. 

 

2.1 State of the art 

In the 1980s, Hoberg et al.(5-8)  disclosed the origin of nickel-based work and from which many 

studies were done basing them on this one, considering the research on acrylate production from metal 

assisted coupling of CO2 with alkenes or alkynes originated from the nickel-based work of Hoberg 

and co-workers. Their papers detailed the formation of saturated and unsaturated carboxylic acids 

(i.e., acrylates) via the coupling of CO2 with a variety of alkenes, among its found ethylene. This 

coupling reaction was obtained due to a stoichiometric amount of nickel 

bis(diazabicyclo[5.4.0]undec-7-ene) (Ni(DBU)2) formed in situ from Ni(COD)2 and DBU as it can be 

shown in Figure 2.1.4 
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Figure 2.1. Production of acrylic acid in Hoberg et al. papers.4 

In 2006, Walther et al.9 presented a temporary catalytic cycle (shown in Figure 2.2) of Ni 

mediated coupling of CO2 and ethene involving the γ-lactone as an intermediate, leading to acrylic 

acid as a product. Then, the first evidence of an β-hydride transfer was described in their report 

during attempts of reacting nickelalactones with donor ligands, in order to show the potential 

activators of the β-hydride elimination reaction.9 

 

Figure 2.2. Ni mediated catalytic cycle proposed by Walther et al.9 

In 2007, Buntine et al.10 focused their study in the production of acrylic acid via homogeneous 

nickel-mediated coupling of ethylene and carbon dioxide using DFT with the aim of describing the 

potential energy surface for both the nickel-mediated coupling reaction and an intramolecular 

deactivation reaction that was reported to hinder the desired catalytic activity.10 After Hoberg et al. 

suggestion about the lack of catalytic activity in the acrylate case owing to a hydride transfer 

reaction of the hydride ligand from the nickel center to DBU, they mentioned two pathways for the 
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reaction employing it. Based on this, the reaction would prevent the possibility of reductive 

elimination, thus it could be possible to inhibit both the formation of acrylic acid and regeneration 

of the zerovalent nickel catalyst. In Figure 2.3, both reactions are shown. 

 

Figure 2.3. Pathways: a) Desired for the Reductive Elimination Resulting in Production 

of the Acrylate and Regeneration of the Active Catalyst; (b) Proposed Intramolecular H-

Transfer Reaction to produce acrylate.10  

The computational calculations were focused on geometry optimizations using the B3LYP (11-

13) density functional, and the LANL2DZ14,15, consisting on nickel basis set and 6-31+G(d,p)(16-19), 

basis set for the rest of atoms), where the compound basis set with pure d functions (5D) was used 

in the whole calculations.10  

Buntine et al.10 considered three important sections: the nickelacycle formation: after having 

used Ni(DBU)2 as a catalyst, the resulting energies make them conclude that this section occurs in a 

single step via the reaction of nickel-coordinated of ethylene with an incoming CO2.
10 Nickelacycle 

is shown in Figure 2.4 through the symbol a. 

Secondly, from nickelacycle to nickel acrylate (shown through symbol b in Figure 2.4), they 

determined that the mechanism beyond this sector is still unknown, but basing their ideas on 

Hoberg reports, they concluded the β-hydride elimination occurred from the nickelacycle, the 

resulting intermediate would directly contain both hydride and acrylate ligands.10 Finally, liberation 

of acrylic acid (shown through symbol c in Figure 2.4), concluding that this requires reductive 

elimination of the acrylate and hydride ligands.10 The proposed mechanism by these authors 

employing their catalyst is shown in Figure 2.4. 
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Figure 2.4. Proposed mechanism to obtain acrylic acid by Buntine et al.10 

 

Furthermore, Blug et al.20 studied the mechanistic aspects of CO2 coupling with ethylene to 

acrylic acid in the presence of homogeneous nickel catalysts employing bidentate phosphorous 

ligands, considering density functional theory calculations (DFT). The mechanism that they 

proposed involves six important steps: the cycle is initiated by the sequential coordination of 

ethylene and carbon dioxide to the Ni-complex followed by a facile coupling step resulting in the 

formation of a stable nickelalactone intermediate. Then, the formation of acrylic acid proceeds via a 

dual- step process involving highly unfavorable β-H transfer resulting then in the Ni-hydrido 

acrylate complex followed by the reductive elimination of acrylic acid.23 In the Figure 2.5 is shown 

the whole mechanism.20 

a c 

b 
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Figure 2.5. Proposed mechanism for catalytic coupling of CO2 and ethylene to acrylic 

acid employing metal (M) complexes.20 

This mechanism acquires more importance via a metalalactone intermediate. According to 

several studies, stoichiometric formation of such complexes has been observed during this 

reaction with metals such as nickel, molybdenum and tungsten-complexes.(21-23)  

Moreover, all calculations done by Blug et al.20 were obtained thank to Gaussian 09 suite of 

programs. Similar to Buntine et al.10 they obtained their results through 6-31+G(d) basis set for 

nickel, while the rest of atoms were studied with 6-31G(d) basis set. They determined that all the 

structural parameters for Ni-complexes have a congruency with those structures found in X-ray 

crystallized.20 

One of the most important conclusions given by Blug et al.20 remains on the idea of the 

stability of niclekalactone, considering it the key intermediate in this catalytic reaction. Its 

stability is to be assumed to be a critical factor that is completely decisive to find the possibly to 

perform the coupling in a certain way.20  

Regarding to the electronic and steric effects, they found through their results that it is not 

possible to promote the coupling just adjusting these parameters. In the Figure 2.6 there are shown 

the different energy diagrams obtained by Blug et al.20 considering suddenly their analysis for this 

point.20,24,25 
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Figure 2.6. Reaction energy diagrams using different ligands by Blug et al.20 

 

Although some of the substituents in the ligands are found to decrease the steric hindrance 

imposed by the bidentate ligand onto the Ni center, this does not lead to notable changes in the 

calculated energy profiles for the catalytic reactions.  

Similarly, Hollering et al. considered a research for renewable alternative energy sources and 

energy storing due to the possibilities that have been gaining a significant importance during the last 

years looking forward to a solution that could avoid the depleting fossil carbon sources.26 Besides, 

they determined that conversion of CO2 and alkenes to acrylate could not be regarded as a 

breakthrough for industrial applications.27 According to them, an efficient study about a catalytic 

cycle for this reaction has not been found yet.26   

However, several groups have been focusing their investigations on strategies to overcome the 

most crucial step in the mechanism shown above: the β-hydride elimination. They have been 

looking forward to appropriate reagents that could facilitate this process, among the use of excess 

methylating agents or even the use of Lewis acidic reagents.26 

Rieger et al.28 employed directly methylation to apply the β-hydride elimination to liberate 

acrylate. Based on this, they studied this reaction using the nickelalactone that comes from Walther 

et al.9 study. In here, the main aim was to activate the Ni-O bond considering an electrophilic attack 

of the Me cation, and then produce the reductive elimination of HX.26 

Furthermore, all these experimental studies using a Lewis acid have proved that an electron 

who accepts cocatalyst could trigger a catalytic acrylate formation. This idea has been shown by 
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further jobs done by Bernskoetter et al.29, which showed that the presence of the Lewis acid additive 

sodium cation lowers the overall reaction energy of a γ-to-β isomerization of nickelalactones.26 

Corresponding to the computational calculations, the reaction mechanism of the transition 

metal which are part of the coupling between ethylene and carbon dioxide, has been investigated 

using theoretical calculations as it has been shown previously. For example, Dedieu et al.30 studied 

their project on bisamine Ni systems comparing pathways of an alkene attacking a CO2-coordinated 

moiety and a CO2 attack on a precoordinated alkene, as the first step in the coupling reaction.30. For 

both cases the attacked ligand undergoes a different number of coordination. Thus, it was concluded 

that a C2H4 attack on a CO2-coordinated system is the energetically favored pathway, as the  2-C2H4 

transforming to a 1-C2H4 is not as possible as other options. On the contrary, this investigation was 

contradicted by a more comprehensive DFT study done by Pápai et al.31 on the intermediacy of a 

carbon dioxide coordinated Ni complex in the coupling mechanism, obtaining that toward a CO2 

attack on the ethene bound species and the C-C coupling taking place in a single step.31 

The most important conclusion obtained by Buntine et al.10 and Pápai et al.31  focused on the 

fact that Ni-catalyzed coupling of carbon dioxide and ethylene is possibly hindered due to 

thermodynamic reasons. In Figure 2.7, it is shown the diagram energy obtained by them. 

 

Figure 2.7. Energy profiles for the (Ni(Mdbu)2+CO2+C2H4) from DFT calculations by 

Buntine et al.10 

Then, Pidko et al.22 investigated this reaction with bisphosphine ligands using DFT. They 

optimized structures of nickelalactones employing a different variety of bidentate ligands that were 

obtained and they studied the effect of the ligand’s bite angle on the stability of these molecules 
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concluding that it affects their stability but it does not affect the catalytic pathway that is needed for 

geometric, electronic or even steric properties of the ligand. At the same time, they confirmed 

several ideas: the β-transfer is the determining step and reductive decomposition of nickelalactone 

is energetically unfavorable for the coupling.22  

In 2017, Flores32  developed a project about the design and evaluation of a catalyst for the 

reductive coupling of CO2 with olefins. She based her study on homogeneous catalysis in the 

mechanism proposed by other authors such as Hollering et al, considering the four important steps: 

oxidative coupling of reactants to form a metalalactone, β-elimination of hydrogen to produce an 

hydride-acrylate, reductive elimination of this acrylate and ligand exchange to regenerate the initial 

active complex.32 At the same time, she focused her study, besides the previous authors already 

mentioned, in the results obtained by Grubbs et al.33  whose main input was that bidentate ligands 

are not ideal for the mechanism, due to the fact that β–elimination is only performed by the 

monodentate ligands.32 

 

Flores32 employed as a methodology the Gaussview program (Gaussian 09 version) building a 

different list of catalysts in gas phase. It was considered that the homogeneous catalysis has the 

advantage in the time spent to evaluate a particular catalyst, owing to the variables involved in the 

calculations, comparing with the heterogeneous one.32 As a molecular modeling it was employed the 

functional PBE1PBE, based at the same time in the functional PBE. It was developed by authors 

like Perdew, Burke and Ernzerhof in 1996 and it can correct properly the electronic density 

gradient.34  For the approximation calculations it was used the SVP (Split Valence Polarized), 

developed by Schafer, Horn and Alhrichs, specifically the base Def2SVP that represents equations 

which aim is to facilitate the approximation for Schrödinger equation.35 

From this, Flores32 proposed taking Grubbs et al.33 investigation the use of monodentate 

ligands to habilitate the β–hydride elimination emphasized on N-Heterocyclic carbenes. There were 

created three groups called A, B and C. The first indicated which is the type of intern ring ideal for 

the reaction, while B and C indicated the steric control ideal for it. After its building, there were 

done the 360 degrees rotation for the ligands and the reactants bound to the metallic center, using 

steps of 10 degrees turns in the complex catalytic to determine if the intermediary compound 

obtained was a local or absolute minimum energetically.  

These sweeps considerated the increasing or decreasing in the atoms distances to reproduce 

the behavior of molecular bonds during the reaction.33 Due to this methodology, it was possible to 

achieve the production of intermediate and transition state molecules, being them with lower and 

higher energy respectively. Then, the best catalyst was chosen according to the Free energy 
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diagrams, when it was found the one with less levels of this parameter, facilitating the reaction 

development.32 

Results obtained by Flores32 in the group A reflected that the β–hydride elimination did not 

produce in trans configuration, because it was not possible to look for any intermediate enough 

stable. For this reason, it was calculated an intermediate between cis and trans to check if this 

rearrangement signified an additional kinetic barrier.32 Regarding groups B (mechanism shown in 

Figure 2.8) and C, they were created according to the results of the first group to deepen in their 

study in the energetic and kinetic dimension. Simultaneously, steric control was covered through a 

change in the substituents for a higher size in compounds such as phenyls.32 

 Figure 2.8. Proposed mechanism for the group B molecules.32 

However, it was appreciated a partial shielding in the upper part of the metallic center that 

gives certain stability to the catalytic complex in comparison with those ligands employed in the group 

A. In this case, with the group B and C (which diagram energy is shown in Figure 2.9), it was 

concluded that the intermediate cis-trans previously mentioned was not necessary to use and the β-

hydride elimination happens without considering this one. In the last group, there were considered 

ligands with the most steric control reported by literature, finding that the partial reaction mechanism 

had to be modified due to the high shielding caused by the substituents. For this reason, Flores32 

accomplished that with these type of ligands, produced lactones are more stable, which means that the 

reaction is favored, owing to the decreasing in the kinetic barriers for the previous steps in the 

mechanism proposed by Walther et al.9,32 
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Figure 2.9. Diagram energy for molecules in Group C by Flores32 
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Chapter 3 
 

Methanation 
 Another alternative to fight against the increasing of atmospheric carbon dioxide is found 

through many renewable sources of energy, such as wind power and solar energy that provides energy 

in a fluctuating manner.1 To exemplify this, a technology called Electrical energy storage (EES) is 

considered as a valuable tool that can potentially smooth the variability in power flow from renewable 

generation and store renewable energy.2 In this process, compounds like carbon dioxide and hydrogen 

are introduced into a methanation reactor where they are converted into methane and water. There are 

considered two essential reactions in which can also be called as the Sabatier and Senders 

discovering3, considering as the main important the following one: 

CO2 + 4H2   CH4 + 2H2O                        ΔH = - 206.28 kJ/mol  (1) 

 Nevertheless, there is another reaction called Water Gas Shift (WGS) which occurs 

simultaneously when an active catalyst is used.  

CO + H2O     CO2 + H2                   ΔH = - 41.16 kJ/mol (2) 

 

 Looking through this reaction, there is a project called CATCO2RE which target is to  

investigate the conversion of CO2 to solar fuels (methane and methanol) integrating new developments 

in the production of solar hydrogen, with the design and synthesis of selective active catalysts at 

milder reaction conditions, and effective CO2 capture and purification technologies. Scientists from 

Flanders, Belgium have designed a plant, shown in Figure 3.1, in which it is necessary to design a 

methanation reactor. 
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Figure 3.1. Process designed for carbon dioxide conversion to solar fuels emphasizing the 

methanation reactor  

 For this reason, it is important to find the important conditions according to the proper 

restrictions stipulated from the beginning, so that is why it is needed to determine the state of the art to 

know how have been the previous studies done by some investigators throughout the world, focusing 

their investigations in a similar way. 

 

3.1 State of the art 
 

Gao et al.7 in 2011 did a comprehensive thermodynamic analysis of reactions that occurred in 

the methanation of carbon oxides (carbon monoxide and carbon dioxide) using the Gibbs free energy 

minimization method. This method can answer several doubts that commonly came up by the 

investigators, such as the type of thermodynamic stable reaction, the impact of reaction parameters 

like temperature, pressure or reactant ratios and at the same time whether observed reaction 

temperatures are thermodinamicaly appropriate.7 

 These investigators prepared optimized calculations for both kind of methanation, but in this 

case it is shown what they obtained for carbon dioxide and hydrogen reaction. It has been 
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demonstrated through this methanation that it is a particularly promising technique for reducing this 

atmospheric gas concentration and producing energy carrier.8,9,10 In their study, they considered a feed 

gas with a stoichiometric molar ratio H2/CO2 = 4. 

 

 

Figure 3.2. Simulation results obtained by Gao et al. of mole fraction for each compound against 

temperature.7 

 In Figure 3.2, it is shown that due to the strongly exothermic reaction existing in this case, the 

fact of increasing the temperature is not favorable for this. Nevertheless, if the temperature exceeds the 

value of 550ºC, the mole fraction of carbon dioxide reaches its maximum and then it becomes as a 

peak, decreasing owing to the reversed water gas shift reaction domination.7 

 Then, in the same figure it is shown the effect of parameters such as pressure and temperature 

in carbon dioxide conversion, methane selectivity and methane yield. When temperature (at values 

below 600ºC) and pressure increases, its conversion decreases, looking as a cause the fact of the 

reducing volume and exothermic reaction in which CO2 methanation is involved. In addition, when the 

reaction takes place in conditions of 1 atm and beyond 600ºC, the CO2 conversion gradually increases, 

owing to the reversed reaction of Water Gas Shift and its domination.7 
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Figure 3.3. Effect of pressure and temperature in CO2 methanation obtained by Gao et al.  in 

different aspects (left) and Effect of H2/CO2 molar ratio obtained by Gao et al. in different 

aspects (right).7 

 In Figure 3.3, it can be seen the effect of molar ratio from the reactants in aspects like carbon 

dioxide conversion, methane selectivity, methane yield and carbon yield. From these results, it can be 

distinguished among all the others that when this ratio is higher, generally it leads to a higher 

conversion of carbon dioxide and CH4 selectivity.7 Conclusively, low temperature, high pressure, and 

proper H2/CO2 ratio is required for optimized CO2 methanation.7 

Er-rbib et al.4 study the design of a methanation reactor considering carbon monoxide and 

hydrogen as reagents. In 2013, they prepared a project in which syngas entered to the methanation 

reactor with H2/CO molar ratio of 3; the reactions considered in the proposed model are CO 

methanation and Water Gas Shift conversion (WGS). 

Modelling and simulation for this catalytic reactor was accomplished employing the Aspen 

PlusTM software through an isothermal fixed bed reactor (Plug Flow Reactor) with steam recovery, 

considering Ni/Al2O3 (50 wt% Ni/Al2O3, BET surface area = 183 m²/g)5  as a catalyst with the 

correspondent kinetics, that was defined for each reaction, shown in the next equations.4 

                        (1) 4 

 

                      (2) 4 

 

Where k1 and k2 (rate constants); keq is the equilibrium constant for the Water Shift reaction; 

k  is refered to a combination of the adsorption constants of each of the compounds that participated 
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in the reactions and finally the constants which related the surface adsorption in equilibrium that are a 

function of temperature (kOH and kC).4 This kinetics worked in a temperature range of 473-673 K and 

high pressure.  

In the simulation for this reactor, it was found in the Figure 3.4 the gas concentration profiles 

compared with the experimental obtained by Kopyscinski5 in one of his previous investigations with 

the same methodology at a bench scale at 593 K, 2 bar and a molar ratio of H2/CO = 5.4 

 

Figure 3.4. Simulation results obtained by Er-rbib et al. Compared to the experimental data 

obtained by Kopyscinski (2010).4 

 

In concrete, the reactor had the next dimensions: a length of 10.57m, an inner diameter of 2.44 

m and an outside diameter of 2.64 m; working at a temperature of 560.77 K and a high pressure of 62 

bar. It was found that at higher temperatures, the rate of disappearance of reactants and the rate of 

formation of products increase. At the same time, it was assumed that as the concentration of H2O 

increases, the water gas shift reaction becomes important.4 

In 2017, Granitsiotis6 used Aspen Plus to model and simulate the reaction. He considered that 

owing to the lack of kinetics for the catalyst he had used (Ni-Al2O3), the conversion rate of the 

reactants was calculated based on the thermodynamic equilibrium data of the reaction.6 He employed a 

Gibbs reactor module, as it can be seen in Figure 3.5, regarding the no kinetics data available.6 
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Figure 3.5. Gibbs reactor model ellaborated in Aspen Plus 6 

Therefore, it was done a sensitivity analysis in order to understand the conversion of carbon 

dioxide considering a pressure of 1 bar of the reactor, with multiple temperatures and with a 

composition of 76,19% N2, 19,05% H2 and 4,76% of CO2.  

Granitsiotis6 obtained in his results that carbon dioxide conversion decreases from 120ºC and 

onwards. In the second simulation he had done, he obtained, for the same variation of temperature, but 

for several different values of pressure of the reactor, that the influence of the latter affects 

significantly in the development of the reaction, considering that for elevated pressures the conversion 

rises in higher values in comparison with those reactors working at lower pressures (1 bar, for 

example). Hence, industrial applications for methanation according to Granitsiotis6 must take place at 

reactors of more than 20 bar of pressure, with the aim of converting as much as possible the carbon 

dioxide that is desired to be used in other ways.6 In Figure 3.6, it is possible to see the result of his 

analysis graphically.6 
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Figure 3.6. Theoretical conversion of CO2 for different values of pressure.6 
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Chapter 4 

Methods  
 
 Computational programs have been used to design and study some of the CO2 utilization 

catalytic processes. In this chapter, the computational methods applied for this project are shown. 

From one hand, the method involved for the catalysis of the reductive coupling of carbon dioxide with 

ethylene to produce acrylic acid is studied through Gaussian. For this reason, it is explained how is the 

program used, the thermodynamics involved for the Gibbs free energy calculations and the ligands 

used for this study. From the other hand, Aspen Plus is applied to study the carbon dioxide 

methanation process in this mathematical tool, starting from the initial conditions and looking for the 

best design of this reactor taking into the consideration as a main variable the molar ratio between the 

reactants.  

 

4.1 Method for reductive coupling of carbon dioxide with 

ethylene 
 

4.1.1 Description 
 

 The program used to do the geometry optimization is Gaussian 16. Using this one, it is 

possible to obtain the molecular structure and thermodynamic data of each of the steps created for the 

reaction mechanism proposed by Hollering et al, shown in Figure 4.1. 
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Figure 4.1. Reaction mechanism used in this project, proposed by Hollering et al.1 

The internal ring has been chosen from the literature. Being one of the most common type of 

NHCs for organometallic chemistry and metal-mediated catalysis2,3: imidazol-2-ylidene. This specie, 

shown in Figure 4.2, has two important considerations to know how it could be altered during a 

reaction: backbone & ring side modications and N-substituted modifications.4  

 

 

Figure 4.2. Imidazol-2-ylidene ring 

Percent buried volume concept shows how high volume occupied by the ligand in comparison 

with others, and this will be an important parameter to consider at the time of study the mechanism. 

For this reason, the following ligands have been taken to study this reaction. 

There have been chosen nine ligands according to their electronic and steric properties4, and 

having different type of substituents: from one hand, there are IPr, SIPr, IPr*, SIPr*, IHept, ISO and 

Isoqui, as ligands with N-aryl substituents. From the other hand, they have been chosen IAd and IDD 
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as N-alkyl substituents, which names have been used from the literature to simplify their study 

throughout the project.4,5 

 

 

 

 

 

 

 

Figure 4.3. Ligands IPr (left) and SIPr (right) 

From Figure 4.3, they are shown the following ligands: IPr (1,3-Bis(2,6-di-iso-

propylphenyl)imidazol-2-ylidene) and SIPr (1,3-Bis(2,6-di-iso-propylphenyl-4,5-dihydroimidazol-2-

ylidene).  

 

 

 

Figure 4.4. Ligands IPr* (left) and SIPr* (right) 

Then, from Figure 4.4, being also N-aryl NHC, the previous ligands, which are conformed by 

isopropyls as substituents in each benzene, might be changed for phenyls. In the same study 

mentioned previously, IPr* (1,3-Bis(2,6-bis(diphenylmethyl)-4-methylphenyl)imidazol-2-ylidene). At 

the same time, the saturated form of this compound, renamed SIPr* (1,3-Bis(2,6-bis(diphenylmethyl)-

4,5-dihydroimidazol-2-ylidene) have been taken in account. 
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Figure 4.5. Ligand IHept 

Belonging to the same group, it is desired to regard other substituents such as propyls. This is 

the case of IHept (1,3-Bis(2,6-di(4-heptyl)phenyl)imidazol-2-ylidene). 

At the same time, according to Huynh5 there are other N-aryl substituents also considered by 

Gómez-Suárez et al.4 that represent species bearing less common NHC ligands. This is the case of the 

one conformed by isoquinolin substituents shown in the Figure 4.6. The aim of employing this kind of 

structure is increasing the available data in the literature and provide for further investigations more 

information about the catalytic activity of this ligand.4 This one is abbreviated Isoqui (2-Benzyl-5-(2-

methylnaphthalen-1-yl)imidazo[1,5-b]-isoquinolinium) for this project, but it is not found with this 

name in the literature, shown in Figure 4.6. 

       

Figure 4.6. Ligand Isoqui (left) and ISO (right) 

Besides, it is considered another ligand that counts with the same structure than Isoqui, but 

with the difference that the benzyl linked to one of the nitrogens of the ylidene ring is changed for a 

phenyl and from this it is possible to determine another comparison afterwards between both ligands 

and learn their catalytic behavior through this reaction. This is called ISO (2-phenyl-5-(2-

methylnaphthalen-1-yl)imidazo[1,5-b]-isoquinolinium) shown in Figure 4.6. 

 From the second group mentioned by Gómez-Suárez et al.4, there are the N-alkyl 

substituents. In the previous [AuCl(NHC)] study4 there were studied different cases of this type, and 

there were found IDD (1,3-Dicyclododecylimidazol-2-ylidene) and IAd (1,3-Diadamantylylimidazol-

2-ylidene), shown in Figure 4.7. 
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Figure 4.7. Ligand IAd (left) and IDD (right) 

Then, each intermediate has been built in Gaussian 16, it is sent to optimize, and after it has 

converged, it is done a rotational scan study through a 360º rotation in a dihedral scan, consisting in 36 

steps of 10º to complete the turn, with the aim of studying the conformer with the lowest energy and 

from this obtaining the structure the most stable as possible. Once each of them has been obtained, 

then there have been done diverse types of bond scans to look for possible transition states for the 

oxidative coupling (the approaching of CO2 carbon to each of the ethylene carbons) and for the β-

hydride elimination (the approaching of the β-hydrogen to the metallic atom).  

Using these scans, when it has been found a possible result, it is sent to optimize as a TS and if 

it shows an imaginary frequency associated with the reaction mechanism and it converges in all the 

aspects, an IRC is performed (Intrinsic Reaction Coordinate) in both directions (forward and reverse) 

to determine that it is precisely the searched transition state. 

 Then, based on this energy values, the Gibbs free energy diagrams have been built for each 

ligand used and from this fact, it is determined how these ligands participate in the mechanism steps 

such as the oxidative coupling and the most limiting step: β-hydride elimination.  

 For these calculations, it has been applied the functional PBE1BE, based on the functional 

PBE. Besides, the polarized divided valence (SVP) has been applied too through the base Def2SVP 

considering the equations that approximate to the Schrödinger equation according to Koch et al.6 The 

functional and the base equations were chosen due to the good performance and results obtained by 

Peverati et al.7 

Gaussian 16 employs different equations in order to do all the calculations required. They are 

shown in the following part. 

4.1.2 Gibbs free energy change 

 

 Previously to know how to calculate the Gibbs free energy in Gaussian, it is necessary to 

stablish all the parameters related for each of the motion that appear for it: translation, electronic, 

rotation and vibration must be considered individually.8 

First, it is important to define the contributions from translation, defining the next equations 

for the entropy St, internal thermal energy Et and heat capacity Ct: 
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Where 

 

T   Reaction temperature (K), default is 298.15 K 

 

R      Gas constant (8.31441 J/(mol*K))  

 

m     Mass of the molecule 

 

P  Pressure (as default its value is 1 atmosphere)  

 

kB  Boltzmann constant = 1.380662x 10-23 J/K 

 

h  Planck´s constant = 6.626176x10-34 J s 

 

qt  Transitition partition function  

 

 Another aspect than be considered is the entropy due to electronic motion Se can be calculated 

as it follows: 4 

 
 

Where 

 

V     Volume 

 

qe  Electronic partition function  

 

 In comparison with the previous criteria, there must be mentioned that the electronic heat 

capacity and the internal thermal energy are equal to zero.   

 

 In reference for the rotational contribution to the entropy is shown in the next formulations:8 

 

                   
 

 

 

(4.5) 

(4.6) 

(4.1) 

(4.2) 

(4.3) 

(4.4) 
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Where 

 

  Symmetry number for rotation  

 

  Characteristic temperature for rotation (referred to the moment of inertia) 

 

qr  Rotational partition function  

 

 

 At the same time, it´s possible to know the contribution to the internal thermal energy Er and 

the contribution to the heat capacity Cr.  

 
 

 
 

 For a nonlinear molecule, the rotational partition function must be calculated in a separate 

way, according to the following parameters: 

 
 Where 

 

                 Characteristic temperature for rotation (referred to the moment of inertia 

in the x, y and z plane) 

 

Then, for the rest of parameters it changes in the following way:  

 

 
 

 
 

 As a last parameter that must be mentioned is the vibrational motion and its important 

variables for the geometry optimization, including the qv which is the vibrational partition function, 

(4.7) 

(4.8) 

(4.9) 

(4.10) 

(4.11) 

(4.12) 
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entropy due to vibrational motion SV, the internal thermal energy referred to the EV and finally the heat 

capacity CV. 

   

 
 

 
 

 
 

 
 

Where 

 

    Characteristic temperature for vibration K 

 

 

 

 After these expressions, now it is possible to define the total energy Etot, enthalpy Hcorr, 

entropy Stot and finally Gibbs free energy Gcorr, considering the previous contributions.   

 

 

 
 

 
 

 
 

 
 

 

 

(4.14) 

(4.13) 

(4.15) 

(4.16) 

(4.17) 

(4.18) 

(4.20) 

(4.19) 
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4.2 Method for carbon dioxide methanation 
 

 Carbon dioxide methanation reactor has been designed applying Aspen Plus as the mathematic 

tool to obtain a simulation changing different variables that have been helpful to determine how the 

different linked parameters must be taken into account.  

 Previously at the design of a reactor, it is important to stablish that CATCO2RE have already 

defined some initial conditions from it which are seen it follows: 

• Methanation Catalysts: supported Ni, Ru or Co 

• Conditions: pressure of 1 atmosphere and a temperature equals or higher than 550 K, to 

prevent the formation of volatile Ni-carbonyls.  

• Selectivity: 100% for stoichiometric feeds (will depend on feed composition) 

• Conversion: as higher as possible, but it is better if it is 100%.  

• Reactor Dimensions & Catalyst Amount: 1 cm diameter, ~0.5 g of 15 wt.% Ni on y-Al2O3 

(75% conversion, No Heat or Mass Transfer Limitations and negligible pressure drop). 

• Catalyst Stability: Sulfur, water and so more on.  

 

Besides these conditions already known, there are others found in the following table referred 

to the components and its possible waste in different perspectives. 

 

Table 4.1: Conditions for the reactor according to components and its possible waste 

 

Components Household 

waste 

Wastewater 

treatment 

plants sludge 

Agricultural 

wastes 

Waste of 

agrifood 

industry 

CH4 % vol 50-60 60-75 60-75 68 

CO2 % vol 38-34 33-19 33-19 26 

N2 % vol 5-0 1-0 1-0 - 

O2  % vol 1-0 < 0,5 < 0,5 - 

H2O % vol 6 (at 40 ° C) 6 (at 40 ° C) 6 (at 40 ° C) 6 (at 40 ° C) 

Total % vol 100 100 100 100 

H2S mg/m3 100 – 900 1000 - 4000 3000 – 10 

000 

400 

NH3 mg/m3 - - 50 - 100 - 

Aromatic mg/m3 0 – 200 - - - 

Organochlorinated  or 

organofluorated  mg/m3 

100-800 - -   
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 Using values in Table 4.1, Table 4.3 shows which have been the compositions employed for 

the different simulations done in Aspen Plus, where the terms of higher or lower refers to CO2 

composition. 

 

Table 4.2: Specifications and conditions for L and H-gas network14 

 

Table 4.3: Feed composition for several types of waste 

Compound 

 

 

Household 

Waste 

(average) 

(feed 

molar 

fraction 

%) 

Household 

Waste 

(higher) 

(feed 

molar 

fraction 

%) 

Household 

Waste 

(lower) 

(feed 

molar 

fraction 

%) 

Wastewater 

treatment 

(average) 

(feed molar 

fraction %) 

Wastewater 

treatment 

(higher) 

(feed molar 

fraction %) 

Wastewater 

treatment 

(lower) 

(feed molar 

fraction %) 

Waste 

of 

agrifood 

industry 

(feed 

molar 

fraction 

%) 

CH4 55,27 50,5 60,00 67,50 60,00 75,00 68,00 

CO2 36,19 38,38 34,00 26,00 33,00 19,00 26,00 

N2 2,51 5,05 0,00 0,50 1,00 0,00 0,00 

H2O 6,03 6,06 6,00 6,00 6,00 6,00 6,00 
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 After having already taken into consideration all these rules, in Aspen Plus the fact of having 

chosen the choice of Gibbs reactor comes from the idea of minimizing the Gibbs Free Energy for the 

reactions involved in the process: the proper methanation and the Water Gas Shift. However, in 

comparison with the Equilibrium reactor, another case found in Aspen Plus for which it is needed to 

determine the kinetic previously at the moment of defining the parameters for the calculations, the 

simulation results in both cases are completely similar, due to the fact that Gibbs reactor does not 

consider the kinetics as in the second case is realized, but this does not avoid obtaining the same 

values. This study has been done in isotherm conditions in order to have the same defined temperature 

in the feed and product flows. 

 One of the most important aspects that might be chosen cautiously is the thermodynamic 

model in Aspen Plus, according to the components used in the simulation, in Figure 4.8 there is shown 

a tool that help significantly to find the property model.10 

 
Figure 4.8. Tool to obtain the ideal thermodynamic model for a simulation in Aspen Plus10 

 The components participating in this simulation are: carbon dioxide, carbon monoxide, 

hydrogen, water and methane. According to Granitsiotis9 and Kopyscinski11 this process consists in a 

mixture of gases, in which most of them are non-polar, so that allows to choose as a thermodynamic 

model: Peng-Robinson (PR).  
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 This decision allows to simulate all the calculations in Aspen Plus, considering the different 

gases participating and their correspondent chemical properties. 

 After this, it is necessary to do a sensitivity analysis to obtain different representations for the 

desired conditions in the products and to study the influence of some variables such as: the molar ratio 

between hydrogen and carbon dioxide, reactants conversion, methane production, methane molar 

fraction, methane yield and carbon monoxide production. The mathematic formulas for these 

parameters are shown in Table 4.4. 

 

Table 4.4: Mathematic formulas for parameters calculated in Aspen Plus 

Parameter Formula 

H2 conversion  (4.21)  

 
 

CO2 conversion (4.22) 

 
H2/CO2 molar ratio (4.23) 

 
CH4 molar fraction (4.24) 

 
CH4 yield (4.25) 

 
 

 In some cases, molar fractions have been estimated in dry basis (without considering water), 

due to the fact that this compound is not important at the time of analyze certain aspects that will be 

shown in the results. Then, an energy balance has been done to study which are the best conditions 

using these parameters. There have been considered the following relations: 

   

 This formula considers the energy from both exothermic reactions in cal s-1. 

 
Where13 

 

T   Reaction temperature (K) 

 

R      Gas constant (8.31441 J/(mol*K))  

 

    Molar fraction in dry basis for a compound  

 

Energy  J mol-1 

 

 4.27 considers ideal gases behaviour that for this study would help to obtain an idea on how 

much energy is necessary to apply in diverse conditions. 

(4.26) 

(4.27)
131313 
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 Then, in Figure 4.9, it is shown a capture from a Sensitivity Analysis done in Aspen Plus. 

 
 

Figure 4.9: Sensitivity analysis in Aspen Plus.  
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Chapter 5 

Gaussian results 
 
 In this chapter the different results that have been obtained for the study of the reductive 

coupling between carbon dioxide and ethylene will be discussed. There are considered two reaction 

mechanisms depending on the initial step: if it is done with one ethylene or two ethylenes. Then, there 

are shown the different partial energy diagrams for the ligands chosen for this investigation, 

considering a comparison among them. 

 Thus, there is presented a comparison between the intermediates and the important properties 

coming from their structure. Finally, the ideal mechanism and ligand are mentioned in the discussion. 

Gómez-Suárez et al.1 have studied several N-heterocyclic carbenes according to their 

electronic and steric properties. Basing on their study, the different ligands used for this investigation 

have been divided into three groups considering the decreasing buried volume obtained by these 

authors: IHept, IPr* and SIPr* (first group), IPr, SIPr and IAd (second group) and finally IDD, ISO 

and Isoqui (third group). For the latter, the last two ligands have not been studied in the literature with 

this type of reaction yet, so that is why both will be studied with the ligand found with the lowest 

%Vbur among them.1  

Therefore, it will be presented the study for one ethylene and its correspondent reaction 

mechanism starting from the previous idea. 

5.1 Reaction mechanisms 

5.1.1 Ethylene study 
 

The corresponding reaction mechanism for one ethylene begins with the attack of the carbon 

dioxide to carry out the oxidative coupling.6 This way, the carbon of the latter joins with any of the 

ethylene carbons (α or β). 

Then, a transition state is obtained between the ethylene and the lactone formed, subsequently 

obtaining two different reaction paths depending on which carbon bond has been formed in the 

previous step. 
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From the lactones, the β-elimination might take place from the lactone and then, another 

intermediate has been found: the hydride acrylate. In the following Figures, there are shown the 

reaction mechanism and the partial energy diagrams obtained for the different ligands. 

 
Figure 5.1. First reaction mechanism 
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Figure 5.2. Diagram energy for ligands IPr*, SIPr* and IHept with the first reaction 

mechanism 
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Figure 5.3. Partial diagram energy for ligands IPr, SIPr and IAd with the first reaction 

mechanism 
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Figure 5.4. Partial diagram energy for ligands IDD, ISO and Isoqui with the first reaction 

mechanism 
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 The first aspect that may be discussed is referred to the presence of the two ethylenes bound to 

the organometallic compound in the diagrams. The latter is more stable than the one with just one 

ethylene, so that is why it has been used as the reference to estimate the Gibbs Free energy for each 

step in the mechanism. 

From the three groups, it can be seen from Figures 5.2 to Figure 5.4 how the energy changes 

according to the ligand. In the first step (the oxidative coupling) it has been obtained that the β-

coupling gets higher energies than the α-coupling, due to the high energetic cost it takes to obtain the 

cis-lactone in comparison with the trans-lactone, which at the same time are more stable than the 

other.  

Regarding to the β-coupling, during the bond scan done for each ligand to look for the 

transition state, it has been obtained that for the ligands from Group 3, the attack of the carbon dioxide 

is produced in the inner zone of the ligand, while for the rest it is produced in the external zone, as it is 

shown in Figure 5.5. However, according to the IRC studied for this transition state, the mechanism 

keeps being the same in both cases. 

 

 

Figure 5.5. Inner attack of CO2 to IDD (left) and external attack to IAd (right) 

 

 After the mechanism mentioned above, the limiting step in the proposed mechanism is the β-

elimination, as it has been stablished by Buntine et al.7 due to the high kinetic barrier that it might be 

beaten. The transition state from the trans-lactone to the trans-hydride acrylate is too high, taking 

values of almost 350 kJ mol-1, which is practically undesired and impossible to develop in real life. 

Nevertheless, while it is true that the cis-lactone (transition state) is more stable but with high energies 

too, at the time of looking for the ideal mechanism, this becomes the key step to choose between one 

or the another. 
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IDD represents the ligand with the highest Gibbs Free energies in almost all the steps, which 

coincides with the study done by Gómez et al.1 and the definition of this ligand as the one with less 

steric control among the studied in this investigation. 

Thus, IHept represents the ligand with more stability, mentioned by Gómez et al.1 as the 

bulkiest, which can be seen through Figure 5.2 with lower energies in comparison with IPr* and 

SIPr*. At the same time, the ligands not study by them, Isoqui and ISO have shown a favorable result 

for this reaction, due among other reasons to the electronic cloud coming from the aromatic rings that 

provides greater stability to the reagent. 

 In this way, it is continued with the study of the mechanism with two ethylenes. 

 

5.1.2 Two ethylenes study  
 

Once it has been shown the proposed mechanisms with one ethylene, it is important to know 

that the metallic center: nickel, located in the 10th group of the periodic table, have 14 electrons 

counted according to the covalent model from the 18 electron rule stablished for organometallic 

compounds. This metal represents an exception to this rule, because its stability can be found with 16 

electrons instead of the number this method mentions.2 

For this reason, it is proposed to add another ethylene coordinated with the metallic center to 

obtain 16 electrons and from this it will be possible to study how the reaction takes place in a more 

stable molecule than the one with just one ethylene.  This structure has been used as the reference to 

calculate the rest of energies for intermediates and transitition states shown in Figure 5.6. 

This mechanism starts with the ligand and the metallic center bound to two ethylenes. The first 

step consists in the reductive coupling with carbon dioxide, which attacks directly one of them. Then, 

depending on which ethylene carbon is joined to the CO2 carbon, a transition state is found for α and β 

positions. It is formed an intermediate: a lactone and ethylene coordinated at the same time after this 

step. 

Then, the β-elimination might occur as it happens with the previous mechanism. However, it 

has been found that it is not possible to produce this step with another ethylene, so this means the one 

not forming part of the lactone might be dissociated, as it was found by Grubbs et al.3 and the 

necessary structure for which the β-elimination takes place, where the β carbon of the alkyl must have 

a hydrogen as a substituent and. The M–C–C–H unit must be able to take up a roughly syn-coplanar 

conformation, which brings the β hydrogen close to the metal.2 

In addition, the mechanism continues the same route as the previous case, starting from the 

lactone in cis or trans position, followed by a transition state between this intermediate and a hydride 

acrylate with the same type of isomers. 
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The ligands have been divided in the three groups mentioned in the beginning, according to 

the classification of the steric control reflected by Gómez et al.1 in their study. The correspondent 

partial energy diagrams appear in the Figures below. 

 

 

 
 

Figure 5.6. Second reaction mechanism 
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Figure 5.7. Partial diagram energy for ligands IPr*, SIPr* and IHept with the second 

reaction mechanism 
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Figure 5.8. Partial diagram energy for ligands IPr, SIPr and IAd with the second reaction 

mechanism 
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Figure 5.9. Partial diagram energy for ligands IDD, ISO and Isoqui with the second reaction 

mechanism 
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As it has been shown in the previous Figures, the mechanism with two ethylenes has been 

determined for all the ligands. The transition states for the reductive coupling have been found 

according to a scan bond starting from the approaching of the CO2 to one of the ethylenes, looking for 

a step in which it was found a maximum between two minimums which are the correspondent 

intermediates.  

Their validity must be proved through the IRC (Intrinsic reaction coordinate) to determine 

they really are the searched transition state in both senses (forward and reverse), because in this 

investigation there have surged some mistakes at the time of looking for them which solution have not 

been found. 

In correspondence to this transition state, it is not possible to affirm which type of coupling (α 

or β) is more convenient, due to the fact that each ligand has presented a difference trend with one of 

another. However, this mechanism becomes important when the following intermediate conformed by 

an ethylene and lactone is more stable than the proper lactones, owing to the electrons the ethylene 

could contribute (2 electrons) to the compound, that brings more stability, besides the geometry that 

the metallic center acquires. 

It is important to mention that all the ligands are symmetric except ISO and Isoqui. For this 

reason, the reductive coupling transition state have been studied in the two ethylenes, showing the 

lowest energy in the diagram. It has not been found a transition state for each ethylene in each case, so 

it is not to possible to determine which ethylene is more beneficial in the reaction for these ligands in 

terms of energy.  

At the same time, the kinetic barriers for the reductive coupling between the reference and the 

lactone after having dissociated the ethylene, have shown the lowest energies for the bulkiest ligand: 

IHept, obtaining for the cis-conformation (36.44 kJ mol-1) and for the trans-conformation (6.98 kJ 

mol-1). The kinetic barrier becomes lower with ligands that accomplish a greater bulking in the 

metallic center for the trans-lactone.   

5.1.3 Comparison between both mechanisms 
 

 The reaction mechanism between one ethylene and two ethylenes differ practically in the way 

the oxidative coupling takes place. As it has been mentioned before, the β-coupling in the first reaction 

mechanism requires high energies in comparison with the α-coupling. The energies found for the 

second mechanism in this step are significantly lower, without a key parameter that expresses which 

type of coupling is more favorable. For this reason, the kinetic barrier that might be beaten in this step 

to obtain the lactones seems more convenient through the second case.  
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 Nevertheless, the dissociation of the ethylene not bound to the carbon dioxide for the second 

reaction mechanism supposes a high energy cost that has not been determined in this investigation, but 

that is important to consider at the time of choosing between these mechanisms. 

 N-aryl substituents1 in both mechanisms show a better trend to design the catalyst in view of 

the energies they register, because IDD and IAd (the N-alkyl substituents) have less stability owing to 

their worse steric control executed on the reagent. Then, Isoqui and ISO, not study in the literature yet, 

show a favorable reaction behavior in terms of stability, as it has been exposed in the previous 

description. 

 The importance of having lower energies in the oxidative coupling is given due to the high 

energies in the β-elimination. As it has been already shown, both proposed mechanisms follow the 

same steps after the dissociation. Energetically, the transition state after the trans-lactone involves an 

unattainable way that would not take place easily, and it also results unreal to develop in the 

laboratory. At the same time, the transition state after the cis-lactone, despite of having high energies, 

allow to produce the hydride acrylate that is necessary to continue to the following steps to produce 

acrylic acid. 

 

5.2 Intermediates comparison 
 

 After the dihedral scan coordinate done for all the intermediates in order to obtain the 

conformer with the lowest energy and from this study the rest of the steps of each mechanism, it is 

important to compare them as it follows. 

 

5.2.1 Cis-Lactone vs. Trans-Lactone 
 

Table 5.1. Gibbs Free Energies for Cis-Lactone and Trans-Lactone in all ligands 

 

Ligand Cis-Lactone Trans-Lactone 

Gibbs Free Energy  

[kJ mol-1] 

Gibbs Free Energy  

[kJ mol-1] 

IPr 92.43 57.00 

SIPr 95.67 50.19 

IAd 66.19 50.99 

IDD 101.14 58.82 

ISO 85.85 35.83 

Isoqui 66.35 35.54 

IHept 36.44 6.98 

IPr* 94.68 49.65 

SIPr* 92.00 47.67 
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 As it is shown in Table 5.1, all ligands registered that the trans-lactone is more stable than cis-

lactone, owing to the bound formed by C-Ni-O in the first case, which bond energy is higher than the 

C-Ni-C bond present in the second case, and this means while the higher the bond energy is, the more 

stable is the compound.5  

 According to the molecules and their steric control1, it has been found that the ones having a 

major shielding, have lower energies, so that is why ligands as IHept, IPr* and SIPr* show low values 

in this intermediate. Nevertheless, asymmetric ligands as ISO and Isoqui show stable molecules for 

both cases, due to the electronic cloud that provide a better stability to this lactone. 

 Then, in Figure 5.10 it is shown the structure found for the ligand that provides the most stable 

lactones, IHept.  

 

Figure 5.10. Cis-lactone (left) and Trans-lactone (right) for ligand IHept 

 Through the Figure 5.10, it is possible to detail the C-Ni-C bond present in the cis-lactone, 

while the C-Ni-O bond, energetically more stable than the another. 

 In addition, it has been found possible agostic interactions between the metallic center and one 

of the hydrogens present in the substituents. This type of interactions provides a higher stability to the 

molecules, as it happens with other cases as hydrogen bonds and intermolecular strengths. In Figure 

5.11, it is shown an example with ligand IDD and trans-lactone, where the bond length between nickel 

and the hydrogen is 1.96 Ǻ, which is characteristic of the agostic interactions  and the angle ring-Ni-O 

is 92.2º. However, to ensure their existence, it is necessary to do a proper study in Gaussian, because 

this has just been studied qualitatively.  
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Figure 5.11. Possible agostic interaction found for Trans-Lactone in IDD 

 At the same time, it is studied the same intermediate, but including the ethylene that it has 

been mentioned in the second proposed reaction mechanism. 

5.2.2 Cis-EthyleneLactone vs. Trans-EthyleneLactone 
 

Table 5.2. Gibbs Free Energies for Cis-EthyleneLactone and Trans-EthyleneLactone-trans in all 

ligands 

 

Ligand Cis-EthyleneLactone Trans-

EthyleneLactone 

Gibbs Free Energy 

[kJ mol-1] 

Gibbs Free Energy 

[kJ mol-1] 

IPr 

 

21.89 42.24 

SIPr 26.09 41.06 

IAd 39.38 40.20 

IDD 33.84 32.94 

ISO 21.40 39.96 

Isoqui 41.50 29.79 

IHept 49.12 42.61 

IPr* 28.65 30.43 

SIPr* 41.78 57.81 

 In Table 5.2, it is possible to denote that there is not a complete coincidence among all the 

ligands about which is more stable between EthyleneLactone cis and trans, because for some of them 

the cis is more stable while for others it happens the opposite effect.  

This fact can be attributed to how close is the ethylene not bound with the carbon dioxide to 

the metallic center. For the trans case, the distance becomes longer, which promotes a loss in the 

stability for the nickel. It has been seen the same type of interactions with the lactones that bring more 
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stability. In comparison with the latters, EthyleneLactones are more stable due to the stability that 

acquires the organometallic compound accomplishing 16 electrons around the metallic center, 

including the fact of having a squared planar geometry.2 In the Figures below, there are shown both 

intermediates for ligand ISO. 

 
 

Figure 5.12. Cis-EthyleneLactone (left) and Trans-EthyleneLactone (right) 

 for ligand ISO 

 Another intermediate that might be considered is the hydride acrylate, shown in the following 

sector. 

 

5.2.3 Cis-Hydride acrylate vs. Trans-Hydride acrylate 
 

Table 5.3. Gibbs Free Energies for Cis-Hydride acrylate and Trans-Hydride acrylate 

 in all ligands 

 

Ligand Cis-Hydride 

acrylate 

Trans-Hydride 

acrylate 

Gibbs Free 

Energy 

[kJ mol-1] 

Gibbs Free 

Energy 

[kJ mol-1] 

IPr 87.17 77.28 

SIPr 87.14 69.59 

IAd 85.76 67.54 

IDD 99.23 149.28 

ISO 90.76 133.10 

Isoqui 95.63 103.60 

IHept 66.92 -- 

IPr* -- 130.75 

SIPr* -- 125.93 

 



 

57 

 

 Through Table 5.3, it is possible to denote the presence of the two types of hydride acrylate. It 

is found that the trans-hydride acrylate shows high energies for most of the ligands, being more stable 

the cis-hydride acrylate. The main reason of this fact comes from the high energy the transition state 

for the trans mechanism has, so this implies a higher barrier to break in front of the another. At the 

same time, in comparison with the lactones, the hydride acrylates present less stability considering the 

bonds Ni-O and Ni-H, which need to be dissociated for further steps in the entire mechanism, as it was 

established by Hollering et al.7 In the Figure  5.13, it is shown the case for ligand IDD. 

 
 

Figure 5.13. Cis-Hydride acrylate and Trans-Hydride acrylate 

 for ligand IDD 

5.3 Most favorable mechanism and ligand  
 

 According to what it has been already mentioned, the β-elimination through the trans-lactone 

involves the necessity of high energies. For this reason, it would be suggested to take the mechanism 

via the β-coupling (producing cis-lactone). At the time of deciding between the first or second reaction 

mechanism, the criteria that has been determinant to choose among them is the dissociation of one of 

the ethylenes for the latter, because it might be done to continue with the mechanism. It has not been 

studied in this investigation, but it might consider the dissociation energy of the Ni-C bonds with the 

proper method. The possible ligands that are more favorable are IHept, Isoqui and ISO, which have 

got more stability and they allow to break the different barriers, while the others take more energetic 

cost until this step of the reaction.  
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5.4 Conclusions 

 The study of the reductive coupling of carbon dioxide with ethylene has been done through 

Gaussian 16. According to the chemical properties of the metallic center – Ni, they have been 

proposed two different mechanism reactions: the first starting with one ethylene and the second with 

two ethylenes, to complete the stability of 16 electrons in nickel complex. The studied steps, the 

oxidative coupling and the β-elimination have been considered following two different pathways 

depending on which CO2 carbon is bound: cis (for β-ethylene carbon) and trans (for α-ethylene 

carbon). 

 It has been studied using nine ligands classified in three groups according to their steric 

control found in the literature. The limiting step is the β-elimination, due to the high energies it 

requires to be done, and besides it might be preceded by a step for which the kinetic barrier should not 

be too high to continue with the mechanism. Both mechanisms differ in the transition state coming 

from the oxidative coupling, and the second mechanism has an intermediate conformed with one 

lactone and one ethylene that need to be dissociated, owing to the impediment to produce the β-

elimination when this gas is presented.  

 Trans-lactone has been found more stable than the cis-lactone in all the ligands in view of the 

C-Ni-O bond the first intermediate has that brings higher energy bonds and hence a better energetic 

behavior, including the possible agostic interactions that have been found in the structure. However, in 

the Ethylenelactones and Hydride acrylates, for some ligands the correspondent cis structure has been 

more stable, while for others it happens with the trans isomer. From one hand, in the first case the 

result has been obtained due to how close the ethylene is from the metallic center. From the other 

hand, hydride acrylates derive from the highest energy in the mechanism, which result to be more 

convenient for the cis conformer. 

  The transition state that exists between the trans-lactone and trans-hydride acrylate has been 

found practically impossible to put in practice, because the Gibbs Free Energy have resulted to be 

even 350 kJ mol-1, which is unattainable in the experimental design. For this reason, the pathway 

considered for the reaction to take place starts from the β-coupling through the first reaction 

mechanism, because it has not been determined how it would be the ethylene dissociation for the 

second mechanism that could involve higher energetic costs. Finally, the most optimal ligands 

according to the results have been IHept, Isoqui and ISO, which have registered favorable energies in 

the process and this is desired in terms of the reaction. 
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Chapter 6 

Methanation results 

 
 Aspen Plus has been applied to obtain different results according to the conditions mentioned 

in the methodology. The process simulated consists in a Gibbs reactor working at a temperature of 298 

K and atmospheric pressure. There have been taken into consideration the four compounds that 

participate in the CO2 methanation: carbon dioxide, hydrogen, methane and water. However, literature 

has already determined that carbon monoxide could be a product depending on the conditions for 

which the reaction takes place. In this chapter it will be discussed distinct aspects extracted from 

Aspen Plus. 

The following results have been acquired due to the use of the Sensitivity analysis tool that 

belongs to this simulation program where it has been used a H2 molar flow of 10 mol day-1 and for 

carbon dioxide of 2.5 mol day-1, but these values have just been important to establish the 

stoichiometric ratio as the boundary to do the calculations.  

It is desired to obtain the maximum H2 conversion and the higher production flow for CH4 as possible, 

and depending on this data it will be determined which are the most optimal values for the reaction 

parameters. 

For this reason, there will be analyzed several study cases: reaction temperature, reactants 

molar ratio, conversion and molar flows from determined compounds, to expose the conditions 

previously indicated. At the same time, there will be analyzed diverse types of waste and the influence 

of their properties for the carbon dioxide molar fraction in the product flow. 

Then, the exothermic behavior of this reaction will be considered through an energy balance 

for the most favorable case found in the previous results.  

  

6.1 Study of temperature and pressure 
 

6.1.1 Influence of the reaction temperature 
 There are different parameters that must be studied to generate a complete decision about 

which would be the ideal properties of the methanation process considering the initial conditions, 

among it is found the reaction temperature. 

6.1.1.1 Reactants conversion 
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Figure 6.1. Graphic representation of the hydrogen conversion vs. reaction temperature 

 From one hand, as it has been mentioned in the methanation design conditions, the minimum 

temperature estimated for this reaction is 550 K. It is desired to have as high as possible conversion of 

hydrogen with the aim of having the product current free of hydrogen. It is shown in Figure 6.1 that 

for a molar ratio of reactants of H2/CO2=1 and with the minimum temperature, there is a conversion of 

98.21%, in comparison with lower molar ratios that reflect how this conversion decreases. These 

results coincide with the ones obtained by Gao et al.1, showing that the cause of this result (the higher 

the reaction temperature is, the lower will be the conversion for the same molar ratio) is due to the fact 

that when the temperature increases, the equilibrium constant decreases and the equilibrium reaction 

moves to the left, producing higher reactants flow and having a lower conversion. At the same time, 

the fact of increasing more the molar ratio could generate the same effect for this parameter. 

 A complete conversion (100%) has not been found, so it means that hydrogen would be as a 

component in the products, and if it is not wanted in a small proportion in this current, it must be 

considered any type of industrial equipment to give an use to the remaining gas, such as absorbers, 

separators and so on, as it would be explained in the energy balance. 

 To specify the maximum H2 conversion found for the initial conditions of temperature and 

pressure and the different molar ratios, these values are shown in the Table below. 

 

 

 

 

H2/CO2 

molar 

ratio 
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Table 6.1: Maximum H2 conversion found for each molar ratio at T=550 K and P=1 atm 

 

 

 Despite of the fact that the equimolar ratio gets the highest value, it is important to know that 

it is also the one producing a high CO2 flow that would become a problem at the time of separating the 

gas mixture, due to their chemical properties and the difficulty to separate gases as CH4 and CO2, so 

this ratio is not directly the best option so far. 

Studying the carbon dioxide conversion with the same variable, it is possible to determine the 

next analysis according to the Figure 6.2. 

 

Figure 6.2. Graphic representation of the carbon dioxide conversion vs. reaction temperature 

 From the other hand, corresponding to the results obtained for the carbon dioxide conversion, 

it is shown in Figure 6.2 that for a higher molar ratio, the conversion would be higher, due to the fact 

that the equilibrium gets affected for having more reactants flow (leaving CO2 fixed and considering 

an amount of hydrogen flow) stablishing a displacement of this reaction to the right, as it has been 

determined by Gao et al.1 and resulting in a major production of CH4 and H2O. However, for the same 

Molar ratio (H2:CO2) 

 

H2 conversion (%) 

1:2 98.13 

1:1 98.21 

2:1 98.08 

3:1 97.73 

4:1 96.24 

H2/CO2 

molar 

ratio 
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molar ratio, the temperature has the same effect that the one mentioned for hydrogen conversion, 

owing to the exothermic effect that promotes the decreasing of this conversion, creating a 

displacement of the equilibrium to the left for which CO2 is less converted. 

 However, it is important to detail that these authors mentioned1 in their project that starting 

from a stoichiometric ratio and lower values, when a certain temperature is obtained, another reaction 

implicated in this process, the Water Gas Shift (WGS), takes place. The latter consists in the reaction 

between carbon monoxide and water to obtain the methanation reactants.  

 It has been found through the simulation that WGS occurs at lower molar ratios (1:1 and 1:2) 

starting at a temperature of 650 K approximately. It is shown in Figure 6.2 that CO2 conversion 

increases, because being CO2 a product of this reaction and at the same time a reagent of the main 

reaction, thus this will cause at the end a displacement of the equilibrium to the right, for which the 

conversion will increase slightly. For this reason, these molar ratios register the opposite effect in 

comparison with the rest. 

In addition, considering the result obtained for H2 conversion about the most optimal molar 

ratio (1:1) according to the desired conditions in the process, and supposing that the reaction was not 

reversible, the maximum conversion of carbon dioxide at the design temperature (550 K) at this molar 

ratio would be 25%. In comparison with the reversible case, the maximum conversion is 24.59%, 

which means the difference between both is not high and it would depend on all the parameters 

involved in the process. 

Other important aspects to analyze for the methanation are the production of methane and 

carbon monoxide. 

6.1.1.2 Molar aspects 
 The aim that CATCO2RE proposes is emphasized in the production of biogas (methane), so 

that is why it acquires more importance to study this compound shown in Figure 6.3. 
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Figure 6.3. Graphic representation of the methane production vs. reaction temperature 

 Kopyscinski2 and Gao et al.1  determine in their projects that a higher molar ratio would 

promote a higher production of methane, while a higher temperature determines the inverse effect: its 

decreasing for the exothermic behavior of the reaction. When the molar ratio is equals to 0.5, at 550 K 

the production is 0.122 mol day-1 and when this value is equals to 4 at the same temperature, 2.41 mol 

day-1 are produced, owing to the previous theory stablished by the authors. It is important to highlight 

how the flow production changes when the reaction takes place with a higher amount of hydrogen, e.g. 

a higher ratio. There are variations of approximately 0.6 mol day-1 when for the same temperature, the 

molar ratio increases a unit. The preference to compare one or another ratio completely depends on 

how high the production is wanted to be, and to make a choice of which factor, hydrogen conversion 

or methane production, is more important. 

 Nevertheless, being the main product, it is necessary to visualize how much methane is 

produced according to the product flow, so that is why this molar fraction is represented versus the 

reaction temperature, shown in Figure 6.4. 

H2/CO2 

molar 

ratio 
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Figure 6.4. Graphic representation of the methane production vs. reaction temperature 

 The results show a high similarity with the correspondent curves for each molar ratio in Figure 

6.3, having a major molar fraction when the ratio is 4, due to the fact that besides being the 

stoichiometric conditions, both products are formed without any limitant or excess reagent involved in 

the reaction, and this provides the best scenario to produce methane. 

 In addition, another variable that might be important to detail for this study is the carbon 

monoxide production to understand how the secondary reaction occurs (Water Gas Shift) throughout 

the process. 

 

Figure 6.5: Graphic representation of the carbon monoxide production vs. reaction temperature 

H2/CO2 

molar 
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 At the same time, the Water Gas Shift reaction takes place at elevated temperatures according 

to Granitsiotis3. In this case, it is shown in Figure 6.5 how carbon monoxide starts to appear more 

rapidly over 600 K and even faster after 650 K. This has been found with the study of carbon dioxide 

conversion, where after 700 K, this reaction takes place simultaneously with the methanation one. The 

highest value found has been 0.175 mol day-1 at a molar ratio 0.5:1, so it means that if it is considered 

to work with this relation to have a higher conversion of hydrogen at atmospheric pressure, it would be 

a higher carbon monoxide production in comparison with other molar ratios. In addition, the slope of 

the line that form two points increases faster with the temperature value, which indicates that much 

more carbon monoxide is produced with this rapid variation. 

6.1.1.3 Methane yield 
 Then, methane yield is estimated regarding both reactants, shown in the following Figures.  

 

Figure 6.6. Graphic representation of methane yield regarding H2 vs. reaction temperature 

 

Figure 6.7. Graphic representation of methane yield regarding CO2 vs. reaction temperature 
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 Through Figures 6.6 and 6.7, it is shown that for both reactants, there are opposite effects in 

terms or yield, because while for H2 the best condition is the 1:1 molar ratio, for CO2 is the 

stoichiometric case. The higher the yield is, the more adequate is CH4 production for this process, 

because at this point the economic cost will be lower when more reactive is profited to produce 

methane, as it will be shown in the energy balance. 

For this reason, at this point it is known that the best temperature in which the reaction would 

take place according to the stablished goals is 550 K, the minimum value from the design. However, 

the molar ratio can not be decided yet without doing a study of the influence of the pressure in the 

methanation reactor and an energy balance for the process, that will provide a better judgement to 

estimate the best design conditions. 

 

6.1.2 Influence of the pressure in the methanation reactor 
 As it has been done for the reaction temperature, there will be discussed also the same 

parameters that has been studied with the latter to provide another conclusion from this magnitude. 

6.1.2.1 Reactants conversion 
 

 

Figure 6.8. Graphic representation of the hydrogen conversion vs. methanation reactor pressure 

 Granitsiotis3 discussed in his project that the influence of the pressure in the hydrogen 

conversion implies a higher value when the pressure increases, owing to the effect produced in the 

equilibrium: when there is an amount of this parameter, the reaction displaces to the side in which 

there is a minor quantity of gaseous moles. In this case, there are three moles in the right side in 

comparison with the five moles found in the reagents side, so that is why it displaces to the right. This 

conclusion has been found in the previous figure. At the same time, it has been calculated that for a 

H2/CO2 

molar 

ratio 
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molar ratio equals to 1, the maximum conversion is found at the pressure of 8 atm: 99.37%. However, 

it is necessary to study the rest of parameters to verify how beneficial would be high pressures in the 

process. 

 

Figure 6.9. Graphic representation of the carbon dioxide conversion vs. methanation reactor 

pressure 

 In Figure 6.9 it is shown that for the same molar ratio, the increasing of pressure does not 

affect significantly carbon dioxide conversion, so this indicates the major influence of the reagents 

proportion over the pressure in terms of equilibrium, that is displaced to the right as it has been 

mentioned for the reaction temperature.  

6.1.2.2 Molar aspects 
As it has been discussed for the reaction temperature, it will be shown the results obtained 

from the influence of the methanation reactor pressure for methane production and its molar fraction, 

and carbon monoxide production in Figures 6.10 and 6.11. 
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Figure 6.10. Graphic representation of the methane production vs. methanation reactor 

pressure

 

Figure 6.11. Graphic representation of the methane molar fraction vs. methanation reactor 

pressure 

It can be appreciated that the major methane production and molar fraction occurs at 8 atm 

when the molar ratio is 4, taking a value of 2,45 mol day-1 (32,44%). For all these cases, with a higher 

pressure, these values do not change significantly, as it has been exposed for carbon dioxide 

conversion. It is understood that the equilibrium displaces to the right, where there is a minor quantity 

of moles to counter the effect of the pressure. However, in a range between 0 and 8 atm, it is not truly 

important to analyze this variable. 
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Figure 6.12. Graphic representation of the carbon monoxide production vs. methanation reactor 

pressure 

 Comparing Figure 6.12 and Figure 6.5 allow to affirm that the increasing of the pressure 

affects significantly the carbon monoxide production that is almost one thousand times lower than the 

production affected by the increasing effect of temperature, due to the fact that in terms of equilibrium, 

Water Gas Shift reaction does not seem affected due to the same number of moles at each side of the 

reaction, so this does not provide a major production.  

 Thus, the cause of the decreasing of CO production with higher pressures is attributed directly 

to the exothermic behavior already mentioned and the fact of the best conditions found in the 

simulation for which WGS occurs (low pressures and high temperatures). 

6.1.2.3 Methane Yield 

 In this case, methane yield study for this magnitude is present in the Figures below. 
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Figure 6.13. Graphic representation of methane yield regarding H2 vs. pressure 

 

Figure 6.14. Graphic representation of methane yield regarding CO2 vs. pressure 

 As it has been down with the reaction temperature, methane yield according to the pressure 

shows a proper result when there are high pressures, as it has been obtained by Gao et al.1 

Nevertheless, the most adequate ratio would depend in the type of separation expected after the 

reaction, due to the fact that the stoichiometric ratio would bring more hydrogen, which is easier to 

separate in comparison with the equimolar ratio, where there is a higher CO2 flow, as it has been 

mentioned before. 

After the study of the influence of both variables, it is possible to affirm that the best 

conditions to obtain the higher H2 conversion and the higher CH4 production without compromising 

other factors significantly in the process as the economic one, is produced working at high pressures 

and low temperatures (even the minimum 550 K seems to be the best option). The election of the best 
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H2:CO2 molar ratio for this design can not be determined exclusively with the previous analysis, 

because there are other important factors that might be considered too as the energy balance.  

6.2 Energy balance 
 

 The energy balance in the Gibbs reactor has been calculated considering the feed and 

product flow, whereby the value of Duty corresponds to the heat formed by both exothermic reactions. 

Now, as the temperature necessary to carry out the methanation has already been chosen, the value 

acquired for the Duty is estimated for different pressures and molar ratios and they have been studied 

to determine how the process is more viable energetically. 

 
 

Figure 6.15. Graphic representation of reactor duty vs. pressure 

 Figure 6.15 shows that the Gibbs reactor produces a higher duty when there are high 

pressures and the molar ratio increases, due to the two effects already mentioned (the increasing of 

reagents flow and an amount in the pressure, which generate a displacement in the reaction to the 

right, promoting the formation of products). Nevertheless, the meaning of having more heat in the 

reaction could be beneficial if it is employed for other processes and it would avoid looking for other 

sources to obtain energy and hence higher costs.  

 According to the objectives already mentioned, this energy balance should not be focused 

exclusively in the reactor, because at the end it is preceded and followed by other machines and 

equipment which are extremely important due to the energy they use or produce in the process. This 
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fact means that the election of any specific pressure or molar ratio basing just on the previous Figure is 

not enough to rule out other conditions. 

 Therefore, it has been created a flow diagram considering a compressor, two heat 

exchangers and a separator as it has been done by Porubova et al.4, to indicate how the energy may be 

estimated for different cases. The compressor has been considered to compress the feed flow from the 

atmospheric pressure to a higher pressure. This current comes at room temperature where it might be 

heated until 550 K before going into the reactor using a refrigerant and working isothermally. After 

the product flow could be cooled before going into a separator in which the gases start to separate. 

 

Figure 6.16. Flow diagram for methanation process 

 In terms of energy, it is desired to have low costs, so that is why in this design it might be 

considered the compression energy, heating and cooling energy and separation energy. In the methods, 

it is presented the mathematic relation for the latter.  

 Compression energy increases when the final pressure is higher, so that is why the feed flow 

may not be compressed until extremely high pressures because it would represent a high energy cost, 

even more when this energy might be imposed by external factors. In the case of heating and cooling, 

it is important to understand that the main variables to get a certain temperature would depend directly 

on the flows and the current compositions, so qualitatively this energy is harder to estimate.  

 Thus, the energy separation has been estimated using the Gibbs energy of separation, which 

works for ideal gases using molar fractions in dry basis, because water is easier to separate in 

comparison with the rest of gases and that is why it has been discarded. This is not the exactly case, 

but it brings an idea on how the energetic behavior is. As it has been done for the exothermic energies, 

in Figure 6.17, it is shown a hypothetical case for this magnitude. 
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Figure 6.17. Graphic representation of energy separation vs. pressure 

 Differing from the previous case, energy separation seems to acquire the lowest values at 

high pressures and a stoichiometric ratio. For this reason, it is needed to do a total energy balance 

considering each energy to stablish a final judgement about the optimal conditions, because energy 

separation is just a part of the entire calculation. 

 Considering these analysis, the conditions from Figure 6.17 are the best option to design the 

methanation process so far. From one hand, when the molar ratio gets lower values than the 

stoichiometric, CO2 has a major composition in the product, which means it would be harder to 

separate from methane and the rest of gases, in comparison with H2. From the other hand, working at 

higher molar ratios would be the opposite case, but producing less methane with a better yield. 

 Then, it will be studied several types of waste for the methanation reaction in the following 

sector. 

6.3 Types of waste for methanation reaction 
 Starting from Table 4.1 in Chapter 4, there have been created distinct simulations for each 

type of waste depending on the feed composition. Household waste, wastewater treatment and waste 

of agrifood industry have been considered according to three cases for which the term of higher or 

lower refers to the CO2 composition; the average case refers to the middle value that each compound 

has in their correspondent range of concentrations. In the methods, it is possible to denote the molar 

fractions used for each simulation at 550 K and atmospheric pressure.  
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 At the same time, it is important to mention three aspects:  

1. Oxygen has not been considered in the simulations, because the mixture between hydrogen 

and this gas at elevated temperatures is hazardous. 

2. Agricultural wastes have not been simulated, due to the fact that their compositions are 

exactly the same than wastewater treatments. 

3. Molar fractions have been calculated in dry basis to facilitate the study. 

Then, these simulations have been created to determine how is the behavior when there is 

present a low (L-) or high (H-) gas network, and how it is possible for each of them to accomplish one 

of the conditions stablished in the methodology: 6% (L-gas network) or 4% (H-gas network) for CO2 

molar fraction in the product flow.  

6.3.1 L-gas network study 
 L-gas network has been studied through the following tables that show all simulation results 

obtained for product composition, hydrogen and methane flows, reactants conversion and a summary 

for three parameters for this network. 

Table 6.2: Product composition in dry basis for L-gas network according to the types of waste 

Compound 

 

 

Household 

Waste 

(average) 

(feed 

molar 

fraction 

%) 

Household 

Waste 

(higher) 

(feed 

molar 

fraction 

%) 

Household 

Waste 

(lower) 

(feed 

molar 

fraction 

%) 

Wastewater 

treatment 

(average) 

(feed molar 

fraction %) 

Wastewater 

treatment 

(higher) 

(feed molar 

fraction %) 

Wastewater 

treatment 

(lower) (feed 

molar 

fraction %) 

Waste of 

agrifood 

industry 

(feed 

molar 

fraction 

%) 

CH4 85,86 83,09 88,61 89,03 87,69 90,40 89,54 

CO2 5,95 5,98 5,92 5,95 5,99 5,99 5,95 

N2 2,52 5,06 0,00 0,05 1,00 0,00 0,00 

CO 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

H2 5,65 5,85 5,45 4,50 5,30 3,60 4,50 

 

Table 6.3: H2 and CH4 flows for L-gas network according to the types of waste 

Compound 

 

 

Household 

Waste 

(average) 

(feed 

molar 

fraction 

%) 

Household 

Waste 

(higher) 

(feed 

molar 

fraction 

%) 

Household 

Waste 

(lower) 

(feed 

molar 

fraction 

%) 

Wastewater 

treatment 

(average) 

(feed molar 

fraction %) 

Wastewater 

treatment 

(higher) 

(feed molar 

fraction %) 

Wastewater 

treatment 

(lower) 

(feed molar 

fraction %) 

Waste 

of 

agrifood 

industry 

(feed 

molar 

fraction 

%) 

H2 feed 

flow  

(mol day-1) 

12,67 

 

13,55 11,78 8,50 

 

11,34 

 

5,61 8,50 

CH4 

production 

flow  

(mol day-1) 

8,55 

 

8,29 8,81 8,76 8,70 8,81 8,81 
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Table 6.4: H2 and CO2 conversion for L-gas network according to the types of waste 

Compound 

 

 

Household 

Waste 

(average) 

(feed 

molar 

fraction 

%) 

Household 

Waste 

(higher) 

(feed 

molar 

fraction 

%) 

Household 

Waste 

(lower) 

(feed 

molar 

fraction 

%) 

Wastewater 

treatment 

(average) 

(feed molar 

fraction %) 

Wastewater 

treatment 

(higher) 

(feed molar 

fraction %) 

Wastewater 

treatment 

(lower) 

(feed molar 

fraction %) 

Waste 

of 

agrifood 

industry 

(feed 

molar 

fraction 

%) 

H2 

conversion 

95,55 95,69 95,40 94,79 95,36 93,74 94,78 

CO2 

conversion 

83,62 84,44 82,68 

 

77,47 81,96 

 

69,25 77,47 

          All these values have been chosen because they belong to the maximum case in which it is 

found that there is a molar fraction lower than 6% for CO2. As it is shown in Table 6.3, CO content in 

the product flow is basically null, due to its extremely low composition that could be also negligible. 

However, the rest of compounds show a considerable molar fraction in dry basis, among it is 

important to mention how hydrogen is present in this current: it is remarked in the previous conditions 

that this gas should have a molar fraction lower than 0.5%, but all simulations show a content higher 

than 4%, meaning that it is not possible to accomplish this rule and it would be necessary to add any 

equipment to the process to decrease H2 concentration.   

 Then, methane shows a high molar fraction in dry basis due to the high content coming from 

all the feed flows, which is desirable following the goal referred to its production.  

 Table 6.5 shows a summary for three parameters to decide which is the best waste flow 

according to the hydrogen ratio in front the rest of gases, its conversion and its molar fraction. 

Table 6.5: Summary for parameters for L-gas network according to the type of waste 

Type of waste 

 

Ratio 

H2/rest of 

gases 

H2 

conversion 

(%) 

H2 

molar fraction 

(%) 

Household water (average) 1,267 95,55 5,65 

Household water (higher) 1,355 95,69 5,85 

Household water (lower) 1,178 95,40 5,45 

Wastewater treatment (average) 0,850 94,79 4,50 

Wastewater treatment (higher) 1,134 95,36 5,30 

Wastewater treatment (lower) 0,561 93,74 3,60 

Waste of agrifood industry 0,850 94,78 4,50 

 It is shown in Table 6.5 that the higher the ratio H2: rest of gases is, the higher is H2 

conversion, due to the fact that this would promote an equilibrium displacement to the right as it has 

been mentioned before, and it would promote a higher conversion. Nevertheless, a greater amount of 
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hydrogen would signify at the same time a higher molar fraction in the product flow, what it is not 

wanted for this process. 

The highest hydrogen conversion is found in the household water (higher CO2 feed molar 

fraction). Nevertheless, this current shows the highest molar fraction for this gas in the product flow, 

so that is why it is not considered to be the best option for the L-gas-network. Looking for an 

intermediate situation, wastewater treatments take values for these parameters which are enough 

feasible to design the process. 

6.3.2 H-gas network study 
 H-gas network has been studied through the following tables that show all simulation results 

as it has been done for the low case. 

Table 6.6: Product composition in dry basis for H-gas network according to the types of waste 

Compound 

 

 

Household 

Waste 

(average) 

(feed molar 

fraction %) 

Household 

Waste 

(higher) 

(feed molar 

fraction %) 

Household 

Waste 

(lower) 

(feed molar 

fraction %) 

Wastewater 

treatment 

(average) 

(feed molar 

fraction %) 

Wastewater 

treatment 

(higher) 

(feed molar 

fraction %) 

Wastewater 

treatment 

(lower) (feed 

molar 

fraction %) 

Waste of 

agrifood 

industry 

(feed 

molar 

fraction 

%) 

CH4 87,05 84,29 89,75 90,28 88,90 91,73 90,77 

CO2 3,93 3,97 3,99 3,98 3,96 3,98 3,98 

N2 2,50 5,01 0,00 0,50 1,00 0,00 0,00 

CO 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

H2 6,51 6,71 6,26 5,23 6,13 4,28 5,24 

 

Table 6.7: H2 and CH4 production flow for H-gas network according to the types of 

waste 

Compound 

 

 

Household 

Waste 

(average) 

(feed 

molar 

fraction 

%) 

Household 

Waste 

(higher) 

(feed 

molar 

fraction 

%) 

Household 

Waste 

(lower) 

(feed 

molar 

fraction 

%) 

Wastewater 

treatment 

(average) 

(feed molar 

fraction %) 

Wastewater 

treatment 

(higher) 

(feed molar 

fraction %) 

Wastewater 

treatment 

(lower) 

(feed molar 

fraction %) 

Waste 

of 

agrifood 

industry 

(feed 

molar 

fraction 

%) 

H2 flow 

(mol 

day-1) 

13,55 14,43 12,63 9,34 12,22 6,45 9,34 

CH4 flow 

(mol 

day-1) 

8,75 8,49 9,00 8,96 8,90 9,00 9,00 
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Table 6.8: H2 and CO2 conversion for H-gas network according to the types of waste 

Compound 

 

 

Household 

Waste 

(average) 

(feed 

molar 

fraction 

%) 

Household 

Waste 

(higher) 

(feed 

molar 

fraction 

%) 

Household 

Waste 

(lower) 

(feed 

molar 

fraction 

%) 

Wastewater 

treatment 

(average) 

(feed molar 

fraction %) 

Wastewater 

treatment 

(higher) 

(feed molar 

fraction %) 

Wastewater 

treatment 

(lower) 

(feed molar 

fraction %) 

Waste 

of 

agrifood 

industry 

(feed 

molar 

fraction 

%) 

H2 

conversion 

95,17 95,31 95,03 94,44 94,98 93,49 94,43 

CO2 

conversion 

89,07 89,58 88,23 84,82 87,97 79,41 84,82 

 The results for this case are similar to the previous one in terms of composition and variables. 

CO is found to be also practically null, methane presents high values for the same feed composition 

reason, N2 as it is inert in the reaction, have a higher or lower concentration depending on the one this 

gas in the feed, and CO2 has been studied in the maximum case in which it is obtained a molar fraction 

equals to 4% in dry basis. Hydrogen values might be lower if there is considered another process 

design in order to decrease its concentration. 

Table 6.9: Summary for parameters for H-gas network according to the type of waste 

Type of waste 

 

Ratio 

H2/rest of 

gases 

H2 

conversion 

(%) 

H2  

molar fraction 

Household water (average) 1,355 95,17 6,51 

Household water (higher) 1,443 95,31 6,71 

Household water (higher) 1,263 95,03 6,26 

Wastewater treatment (average) 0,934 94,44 5,23 

Wastewater treatment (lower) 1,222 94,98 6,13 

Wastewater treatment (higher) 0,645 93,49 4,28 

Waste of agrifood industry 0,934 94,43 5,24 

 

 According to the Table 6.9, the result is the same found for L-gas network, household water 

feeds have high conversions but also high molar fractions for H2, that are not desired for the process. 

However, wastewater treatments have a more adequate result for the methanation, owing to the 

kinetics and thermodynamics involved in the reaction that is favorized when H2 molar ratio:the rest of 

gases is necessary to not exceed the determined boundaries shown in the methods (hydrogen molar 

fraction is even higher for household water treatments). 
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6.4 Conclusions 

 
 The study of the CO2 methanation done through the design of a Gibbs reactor in Aspen Plus 

has allowed to determine that mainly changes in pressure and temperature influence significantly on 

different parameters such as the conversion of reagents, the production of methane and the production 

of carbon monoxide, for being involved in a secondary reaction as the Water Gas Shift, produced from 

650 K and low pressures. At the same time, in terms of the goals outlined by CATCO2RE, it is 

necessary to have the maximum conversion of H2 and the major methane production which are 

achieved when it is worked at a temperature of approximately 550 K, minimum established from the 

beginning in the methods. 

 Pressure is a magnitude that would favorize this reaction when it acquires higher values than 

the atmospheric one. Although it is true that they are ideal for the goals already mentioned, in terms of 

energy it is important to not work with extremely high pressures, because the compression energy 

promotes a higher cost while there is a higher pressure for the reaction. Regarding the reactants molar 

ratio, from the beginning it is harder to determine a specific relation according to the goals, in view 

they have opposite effects if they are taken higher or lower values than the stoichiometric ratio, what 

leads to do an energy balance. This calculation has shown from the Gibbs reactor through which it is 

looked for an optimization energy that the stoichiometric ratio produces higher energies coming from 

the exothermic reactions. However, they could be profited for other processes and this judgement can 

not be only based in the reactor. For this reason, there have been considered more machines in the 

study: a compressor, two heat exchangers and the separator. 

 The separation energy has been estimated from the supposition of working with ideal gases 

and it just brings an idea on how much energy would be obtained from determined pressures and 

molar ratios. It is obtained that for the stoichiometric ratio the lowest and the most optimal energy is 

produced so far. With this result, it is important to carry out a global study of the process with all the 

components in such a way that the validity of one or the other parameter is fully studied.  

 Finally, it has been found that wastewater treatments have a more adequate result for the 

methanation, owing to the kinetics and thermodynamics involved in the reaction that is favorized 

when H2 molar ratio/the rest of gases is necessary to not exceed the determined boundaries shown in 

the methods, in comparison with household and agrifood wastes. 
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Chapter 7 

Conclusions and future work 

 
7.1 Conclusions 

 
 A design of CO2 utilization catalytic processes has been done and studied for two different 

cases: the reductive coupling of CO2 with ethylene using Gaussian 16 and its methanation using Aspen 

Plus. 

 From one hand, the reductive coupling of CO2 with ethylene has been studied through 

homogeneous catalysis. This process involves the use of N-Heterocyclic carbenes (NHC) that have 

become very important in the last years in the organometallic chemistry investigations, in order to 

study this reaction and its thermodynamics. They have been studied nine ligands classified in three 

groups according to their steric control found in the literature.  

 They have been proposed two different mechanism reactions: the first starting with one 

ethylene and the second with two ethylenes, to complete the stability of 16 electrons in nickel 

complex. The studied steps, the oxidative coupling and the β-elimination have been considered 

following two different pathways depending on which CO2 carbon is bound: cis (for α-ethylene 

carbon) and trans (for β- ethylene carbon). From this, the limiting step is the β-elimination, due to the 

high energies it requires. Both mechanisms differ in the transition state, not just because there is one 

more ethylene in the second mechanism, at the same time the following intermediate for this TS is 

constituted by one lactone and one ethylene that need to be dissociated, owing to the impediment to 

produce the β-elimination when this gas is presented.  

 At the same time, it has been found for several of the structures that there are interactions such 

as agostic interactions and hydrogen bonds that might be studied with other analysis in this program in 

order to determine its real existence, repulsions coming from the substituents such as the aromatic 

rings (benzenes) and the fact of the metallic center (nickel) acquires its most stable geometry (squared 

planar) throughout the molecule, that bring more stability to a certain ligand in the organometallic 

compound in comparison with others, besides their electronic and steric properties. 

  The β-elimination produced via the trans-lactone has been found practically impossible to put 

in practice, because the Gibbs Free Energy have resulted to be even 350 kJ mol-1, which is 



 

84 

 

unattainable in the experimental design. Therefore, the pathway considered for the reaction to take 

place starts from the α-coupling through the first reaction mechanism, because it has not been 

determined how it would be the ethylene dissociation for the second mechanism that could involve 

higher energetic costs. Finally, the most optimal ligands according to the results have been IHept, 

Isoqui and ISO, which have registered favorable energies in the process and this is desired in terms of 

the reaction, that might be completed to verify its validity until the acrylic acid production. 

 On the other hand, the study of the CO2 methanation done through the design of a Gibbs 

reactor in Aspen Plus has allowed to determine that mainly changes in pressure and temperature 

influence significantly on different parameters such as the conversion of reagents, the production of 

methane and the production of carbon monoxide, for being involved in a secondary reaction as the 

Water Gas Shift, produced from 650 K and low pressures.  

 The preferred temperature according to the exothermic behaviour of the reactions is 550 K, 

precisely the one stablished as the minimum, because higher temperatures would imply lower 

hydrogen conversions and worse methane production. In addition, pressure is a magnitude that would 

favorize this reaction when it acquires higher values than the atmospheric one. Regarding the reactants 

molar ratio, from the beginning it is hard to determine a specific relation according to the goals, in 

view they have opposite effects if they are taken higher or lower values than the stoichiometric ratio, 

what leads to do an energy balance. This calculation has shown from the Gibbs reactor through which 

it is looked for an optimization energy that the stoichiometric ratio produces higher energies coming 

from the exothermic reactions. However, they could be profited for other processes and this judgement 

can not be only based in the reactor. For this reason, there have been considered more machines in the 

study: a compressor, two heat exchangers and the separator.  

 At the same time, the separation energy has been estimated from the supposition of working 

with ideal gases and it just brings an idea on how much energy would be obtained from determined 

pressures and molar ratios. It is obtained that for the stoichiometric ratio the lowest and the most 

optimal energy so far. Finally, it has been found that wastewater treatments have a more adequate 

result for the methanation, owing to the kinetics and thermodynamics involved in the reaction that is 

favorized when H2 molar ratio/the rest of gases is necessary to not exceed the determined boundaries 

shown in the methods, in comparison with household and agrifood wastes. 

7.2 Future work 

 The following recommendations are made for future investigations to complete and to 

improve the conclusions obtained in this project: 

For reductive coupling of CO2 with ethylene: 

• Study the complete reaction mechanism, basing on the results obtained in this investigation. 
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• Create the IRC that have not been done in this investigation for the correspondent transition 

state for the second reaction mechanism in the oxidative coupling. 

• Verify the transition states obtained in the present investigation, because they might be 

confirmed by several investigators. 

• Work with other N-alkyl and N-aryl substituents to study if there are others found in the 

literature that show a better stability for this coupling. 

• Design the methodology to produce all the ligands in the laboratory and from this, compare 

the experimental results with the computational data obtained from the literature and this 

project. 

For CO2 methanation: 

• Study the sensitivity analysis in Aspen Plus for higher pressures. 

• Design the simulation for different wastewater treatments, including all the conditions such as 

pressure and temperature and the entire plant design.  

• Simulate the entire process considering 550 K, high pressures and stoichiometric molar ratio, 

with the aim of analyzing all the parameters that are involved. 

• Study the influence of the catalyst chosen for the methanation to measure the different 

parameters in the hydrogen conversion, carbon dioxide conversion and methane production. 

• Design the compressor, heat exchangers and separators mentioned in this investigation and 

calculate an energy balance considering the energy produced or used for each of them. 


