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ABSTRACT 

Fischer-Tropsch synthesis is of increasing commercial interest. However, the reaction mechanism is 

still under debate. We investigated the Fischer-Tropsch reaction mechanism on a cobalt (112̅1) 

stepped surface by means of microkinetics.  

First, we focussed on the kinetic isotope effect of deuterium and 13C within the network of 

elementary reaction steps of synthesis gas towards methane. The reaction parameters for 

elementary reaction steps were calculated from DFT data and with these parameters we performed 

simulations of SSITKA experiments under methanation conditions with MKMCXX. Finally, we 

evaluated the possibility of automating the calculation of reaction rate constant parameters for an 

isotopic network of elementary reaction steps towards Fischer-Tropsch synthesis. 

We found direct CO dissociation is preferred over hydrogen-assisted CO dissociation on the cobalt 

(112̅1) active site. Maximum production of methane occurred at 532 K and at this temperature the 

rate is controlled by the hydrogenation of carbon species pathway. The first three hydrogenation 

steps of adsorbed carbon species are in pseudo-equilibrium, as the selectivity and rate are controlled 

by the final hydrogenation step. SSITKA simulations including a CSTR reactor model show a clear 

inverse deuterium isotope effect for the set of elementary reaction steps towards methane, whilst 

the isotope effect for 13C was negligible. Backward CTKA simulations showed a sudden production 

peak for temperatures below optimum production temperature, which may be linked to CO 

coverage. When a reactor model is included we observe oxygen species on the surface, pointing to 

backflow within the oxygen hydrogenation pathway.  

Finally, we provide an approach for automating calculation of reaction rate parameters from DFT 

data for the network of elementary reaction steps of Fischer-Tropsch synthesis including isotope 

variants. Once implemented, the reaction rate parameters for elementary reaction steps towards C2+ 

species can be used to link surface coverages and CO consumption to chain growth. 
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1 INTRODUCTION 

1.1 Energy demand/production and fossil fuels 
Global energy demand is expected to rise with 28% between 2015 and 2040. The consumption for all 

fuels other than coal is projected to increase, with renewables being the fastest-growing energy 

source and natural gas being the fastest growing fossil fuel. Although the overall world market share 

of petroleum and other liquids is projected to decline, they will remain the largest source of energy 

during the given time frame. [1] 

Since the fossil reserves are finite, it is unrealistic to solely rely on conversion of crude oil to meet 

increasing energy demand. Natural gas is typically exploited at remote locations, far from where it 

can actually be utilized, which leads to high transportation costs. An alternative to direct utilization is 

conversion of carbon sources like natural gas into chemicals that are more suitable for 

transportation. Furthermore, conversion of syngas allows for production of fine chemicals and 

products from syngas conversion will have lower sulphur content as compared to products from 

crude oil. 

1.1.1 The Fischer-Tropsch Process  

The Fischer-Tropsch (FT) process converts syngas (CO + H2) into hydrocarbon and oxygenate chains. 

Fischer-Tropsch synthesis can also be described as the chemical liquefication of coal and natural gas. 

These liquids can serve as transportation fuels. With FT synthesis, fuels can be produced from natural 

gas, coal, CO2 and biomass, as opposed to producing fuels exclusively from crude oil. As such, it 

provides an alternative pathway for producing hydrocarbons which can serve as fuels and chemical 

feedstock. The FT reaction is of increasing commercial interest and several large scale commercial 

plants have been constructed.  

Although the FT reaction is over a 100 years old, its underlying mechanism has been heavily debated 

for the past 30 years and is still under some debate. Essentially, FT synthesis is a polymerization 

reaction, consisting of an initiation, propagation and termination step. Two possible mechanisms for 

dissociation of CO on a surface and subsequent Fischer-Tropsch reaction are the CO-insertion 

mechanism and the carbide mechanism. For the carbide mechanism, the initiation consists of three 

main steps: (1) adsorption of CO on the surface, (2) dissociation of the CO molecule and (3) 

hydrogenation of the resulting C adatom to CHx  species (Figure 1). The CO-insertion mechanism 

assumes a CO molecule does not directly dissociate on the surface, but rather inserts into a growing 

hydrocarbon chain (Figure 2). A C-C bond is formed, after which the C-O bond is broken. Based on 

extensive density functional theory (DFT) calculations in conjunction with microkinetic modelling, the 

carbide mechanism was found to be the most probable mechanism for FT synthesis. [2][3] 
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Figure 1 Initiation, propagation and termination in Fischer-Tropsch synthesis if propagation proceeds according to the 
carbide mechanism [4] 

 

Figure 2 Initiation, propagation and termination in Fischer-Tropsch synthesis if propagating proceeds according to the CO-
insertion mechanism [4] 
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After propagation according to the carbide mechanism, a CHx building block can be inserted into the 
growing hydrocarbon chain. The resulting hydrocarbon can either accept another C1 building block or 
be hydrogenated into an alkane or alkene that leaves the surface. In order to form long hydrocarbons 
CO dissociation needs to be fast whereas methanation needs to be slow. This combination will 
provide sufficient CHx intermediates on the surface that can be built into a growing hydrocarbon 
chain. Furthermore, formation of long hydrocarbons requires high propagation speed combined with 
low termination speed.  

Experimental testing shows that when Fe, Co or Ru are used as a catalyst for FT synthesis longer 
hydrocarbons are produced, while Pd, Os, Ir and Pt favour methanol formation, Ni favours 
methanation and Rh favours the formation of longer oxygenates (Figure 3). [2] 

 

Figure 3 Favoured products of possible catalysts for Fischer-Tropsch synthesis [4] 

1.2 Catalysis and the active site 
Catalysis is a phenomenon first recognized in 1835. The empirical basis was made in the early 20th 

century. Practical knowledge on catalysis increased steadily over the course of the 20th century. The 

development of methods for investigation and characterization of catalysts (e.g. spectroscopy, 

surface science) opened up the opportunity to relate composition and structure to catalytic 

properties. From the late 20th century onwards the rise in computational powers and with that 

computational chemistry enabled calculation of bond strengths and reaction rates, which lead to an 

exponential growth in understanding of catalytic processes. Nowadays, around 85-90% of products in 

chemical industry are made in a catalytic process. [5] 

A catalyst provides an alternative, more energetically favourable mechanism as compared to the 

non-catalytic reaction. Extensive knowledge on physics, chemistry and mathematics is necessary to 

fully understand a catalytic process. The field of catalysis is highly multidisciplinary and therefore 

challenging.  
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1.2.1 Basic principles of catalysis 

A catalyst bonds with reactants, allowing them to react to a product, which then detaches from the 

catalyst. The catalyst is recovered in its original form. Altogether it provides an alternative pathway 

which is more complex, but as mentioned before energetically more favourable. The overall 

activation energy for the catalytic pathway is much smaller, resulting in a higher reaction rate. It is 

important to note that the overall change in free energy from reactant(s) to product(s) is equal to the 

uncatalyzed reaction. A catalyst provides a kinetically favourable pathway, but evidently does not 

change the thermodynamics of a reaction. Since energy barriers of a catalysed reaction are lower, 

both forward and reverse reactions are accelerated [5]. 

The bond strength between reactants and products with the catalyst is of key importance for optimal 

catalytic performance. If bonding between reactants and a catalyst is too weak, hardly any 

conversion will occur. Alternatively, if bonding between reactant or product and catalyst is too 

strong, the reactants or products will poison the catalyst. Both extremes will result in low reaction 

rates. To summarize, maximum conversion is achieved at optimum interaction between adsorbates 

and catalyst. This is known as Sabatier’s Principle [5]. 

Heterogeneous catalysis is defined as catalytic processes in which the catalyst is in a different phase 

than the reactants and products. In most cases of heterogeneous catalysis the catalyst is a solid 

whereas the reactants and products are gases or liquids. The catalysts for these processes are in 

general expensive materials, which are used economically by dispersing nanoparticles on an inert, 

porous support. Heterogeneous processes are currently the main driving force of the chemical and 

petrochemical industry. [5] For FT synthesis, the catalyst is a transition metal (Co, Ru, Fe, etc.) and 

the reactants (CO, H2) and products, for example CxHy, are fluids. 

1.2.2 The active site 

The active site(s) of a catalyst are at the base of atom-scale interpretation of catalytic activity. In 

heterogeneous catalysis the active sites are at the surface of the catalytic particles. Chemical 

reactivity of a surface is determined by low-coordinated atoms or defects. For FT the effect of step-

edge sites plays a major role and elucidation of this effect was boosted by computational chemistry 

[2]. 

A heterogeneous catalyst can be seen as a collection of active sites located at a surface. The total 

number of sites is constant and adsorption is formally the reaction of an empty site with a molecule. 

The properties of an active site are determined by (1) the coordination number (CN), (2) the topology 

of the site and (3) the type of metal. The CN is defined as the number of nearest neighbours. The 

topology is determined by the type of crystal facet and the orientation of different crystal facets with 

respect to each other. Layering facets shifted with respect to each other creates step-edge sites [2-

3]. 

A single catalytic particle can have multiple types of sites on its surface. Step-edge sites have a low 

CN, which leads to a stronger interaction with adsorbates. At these sites there is more overlap 

between the orbitals of the metal and the molecule, for example CO. Specific configurations of sites 

tend to activate particular bond types. A chemisorbed CO molecule has a partially filled anti-bonding 

π-molecular orbital which increases the metal-carbon bond order and decreases the carbon-oxygen 

bond order. Electrons from the metal can fill this anti-bonding orbital, thus facilitating C-O bond 

scission. [6] The CO scission example illustrates how step-edge sites facilitate cleavage or formation 

of these bonds. Terrace sites, on the other hand, have a higher CN and therefore lower reactivity. 
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These effects have been investigated both experimentally by relating turn over frequency (TOF) to 

particle size and theoretically through DFT calculations [2-3]. 

In Fischer-Tropsch synthesis, the dissociation of the CO bond presumably occurs at the step-edge 

sites, while the hydrogenation steps occur at the terrace sites. A step-edge site occurs at the edge of 

two layered terraces. The ideal catalyst for FT would have an ideal ratio of step-edge sites and 

terrace sites. The number of step-edge sites depends on the particle size. For cobalt particles, the 

number of step-edge sites increases up until a particle size of 6 nm. Cobalt particles have both 

terrace [Co(0001)] and step-edge [Co(112̅1)] sites. The activation energies for CO dissociation and to 

a lesser extend  for CH-CH coupling reactions are lower on the step-edge sites [4]. How migration 

between step-edge and terrace sites occurs is still unknown and therefore we cannot determine if 

propagation occurs close to the step-edge sites or on the terrace sites.  

1.3 Scope of this thesis 
The ultimate goal is to obtain a detailed map of the Fischer-Tropsch reaction mechanism on a cobalt 

(112̅1) stepped surface. The catalytic reaction is approached through the field of microkinetics, which 

is used to analyse the network of elementary reaction steps which make up the entire reaction. This 

is combined with studying the kinetic isotope effect of deuterium and 13C within the network. The 

first part of the research focusses on methanation, e.g. the reaction of syngas (CO+H2) to methane. 

From DFT data, the reaction parameters of the elementary reaction steps were calculated. Several 

steady-state isotopic transient kinetics analysis (SSITKA) experiments were then simulated using 

MKMCXX and the results are discussed and compared with experimental results found in the 

literature. The second part focusses on automating the calculations to obtain reaction parameters 

from DFT results of all elementary reaction steps and isotopic variants towards C2 components.   
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2 THEORY 

2.1 STATISTICAL THERMODYNAMICS 
With quantum chemistry the microscopic laws of a system with up until around N=100 particles can 

be defined by the Schrödinger equation. However, for a large system of particles (N≥1023) solving the 

Schrödinger equation is far from feasible, even for modern day computers, and therefore direct 

evaluation of exact dynamics of a N-particle system should be avoided. Alternatively, we assume 

probability statistics provide an adequate description of such large systems at macroscopic scale [7]. 

From thermodynamics, a large system can be modelled by just a few parameters and macroscopic 

systems are considered to be consistent. We make the assumption that a many-body system can be 

observed in one particular microscopic state. However, this system still has a large amount of 

variables, so it is assumed to be quantal and obeying the Schrödinger equation (eq. 2.1).  

𝑖ħ
𝜕

𝜕𝑡
|𝜓⟩ = ℋ|𝜓⟩ (2.1) 

In the Schrödinger equation i is an imaginary unit, ħ is the reduced Planck constant and ℋ is the 

Hamiltonian operator. With N being the number of particles in the system, we need a number of 

variables of the Nth order to specify state |𝜓⟩. The space spanned by all state vectors |𝜓⟩ is termed 

the Hilbert space. The path through Hilbert space that comprises the set of micro-states is termed 

the trajectory. If the total number of particles in the system N, the total volume V and the total 

energy E are fixed, the trajectory will move on a so-called surface of space. The basic concept of all 

statistical mechanics is that with long enough time the system will flow through all possible 

microscopic states with these constraints.  

The value of any observable macroscopic property G is the sum of N measurements with such a short 

time t per measurement that the system is considered to be in one quantum state (eq. 2.2). 

𝐺𝑜𝑏𝑠 =
1

𝑁
∙ ∑ 𝐺𝑎

𝑁

𝑎=1

(2.2) 

After a considerable amount of time the system has visited all possible states, thus the probability of 

the system being in a specific state is defined. Equation (2.2) can be rewritten into equation (2.3) 

𝐺𝑜𝑏𝑠 = ∑ 𝑃𝜈𝐺𝜈

𝜈

(2.3) 

Pν is the probability of the system being in state ν and Gv the value of macroscopic property G when 

the system is in state ν. For systems of considerable size (N≈1023) and measurements performed over 

a sufficient amount of time the time average of any macroscopic property is equal to the ensemble 

average. An ergodic dynamical system obeys this equivalence. Although it is difficult to establish if a 

system is ergodic, we consider it to be true for many-body systems found in nature. This leads to the 

following postulate of statistical thermodynamics: 

“Postulate 1: The time average of a mechanical variable M in the thermodynamic system of 

interest is equal to the ensemble average M, in the limit as N → ∞, provided that the system of the 

ensemble replicates the thermodynamic state and environment of the actual system of 

interest.”[7] 
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If our ensemble and the probability of all microscopic states are defined, the macroscopic properties 

can be quantified based on a series of measurements of a microscopic system. This definition is made 

in the second postulate of statistical thermodynamics: 

“Postulate 2: In an ensemble (N → ∞) representative of an isolated thermodynamic system, the 

particles in the ensemble are distributed uniformly, so with equal probability or frequency over the 

possible quantum states consistent with the specified values of N, V and E.”[7] 

N is calculated by summating the number of molecules per state ni over all states (eq. 2.4). 

𝑁 =  ∑ 𝑛𝑖

𝑖

(2.4) 

E is calculated by summating the energy per state ϵi multiplied by the number of molecules in that 

state ni (eq 2.5). 

𝐸 =  ∑ 𝑛𝑖𝜖𝑖

𝑖

(2.5) 

The most probable distribution of molecules over the energy levels is known as the Maxwell-

Boltzmann distribution law (eq. 2.6). The mathematical derivation of equation 2.6 can be found in 

“Introduction to Microkinetic Modeling” [7, pp. 32–34]. 

𝑛�̅� = 𝑔𝑖 ∙ 𝑒−𝛼 ∙ 𝑒−𝛽𝜖𝑖 (2.6) 

𝑔𝑖 is the statistical weight of the volume in phase space, α and β are variables whose values are yet 

to be determined. 

2.1.1 Partition functions 

The sum of the most probable distribution of molecules over states should be equal to one, thus 

equation 2.4 evolves into equation 2.7. 

𝑁 =  ∑ 𝑛�̅�

𝑖

= 𝑒−𝛼 ∑ 𝑔𝑖𝑒−𝛽𝜖𝑖

𝑖

(2.7) 

In this equation 𝑛�̅� is the number of particles in state i according to the Maxwell-Boltzmann 

distribution law. This allows us to define the molecular partition function 𝑓 in equation 2.8. 

𝑓 = ∑ 𝑔𝑖𝑒−𝛽𝜖𝑖

𝑖

(2.8) 

The partition function shows how molecules are allocated among the different energy levels 

according to the Maxwell-Boltzmann distribution law. All macroscopic thermodynamic functions can 

be calculated from the partition function once the parameters β and ϵ are known. From experimental 

observations β is defined as 1/(kBT) in which kB is the Boltzmann constant (=1.3806488*10-23 J/K) and 

T the temperature in Kelvin.  

The energy per state ϵi consists of five different parts (eq. 2.9). 

ϵ =  ϵ𝑡𝑟𝑎𝑛𝑠 + ϵ𝑣𝑖𝑏 + ϵ𝑟𝑜𝑡 + ϵ𝑒𝑙 + ϵ𝑛𝑢𝑐 (2.9) 

ϵtrans is the kinetic energy for translation, ϵvib is the vibrational energy, ϵrot is the rotational energy, ϵel 

the electronic energy and ϵnuc the nuclear energy of a molecule. The sum of these energies is the 

total energy of a molecule when its mass is at rest. Each energy is coupled to a partition function, 
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which can be found by substituting ϵi in equation 2.8 with the corresponding energy. For example, to 

find the translational partition function, ϵi is substituted with ϵtrans. For the electronic and nuclear 

partition functions the energy difference between the ground state and the first exited state is quite 

large, so we assume solely the ground state is occupied, hence 𝑓nuc= 𝑓el=1. The expressions for 

translational, vibrational and rotational partition functions are given below. For a review of the 

mathematical derivation consult “Introduction to Microkinetic Modelling” [7, pp. 37–40]. 

The translational kinetic energy ϵtrans is confined to a rectangular box. The quantum states are a 

continuum and all quantum states are taken into account, leading to the expression for the 

translational partition function (eq. 2.10). 

𝑓𝑡𝑟𝑎𝑛𝑠 =
(2𝜋𝑚𝑘𝐵𝑇)

3
2𝑉

ℎ3
(2.10) 

The full vibrational partition function for a polyatomic non-linear molecule in the gas phase is stated 

in equation 2.11. 

𝑓𝑣𝑖𝑏 = ∏
1

1 − 𝑒−ℎ𝜔𝑖 𝑘𝐵𝑇⁄

3𝑁−6

𝑖

(2.11) 

Since partition functions are evaluated with respect to the lowest energy level accessible, the 

vibrational partition function of equation 2.11 is written with respect to the zero-point energy. The 

true vibrational partition function can be found in equation 2.12. This difference affects the 

definition of the activation energy used in Arrhenius kinetics.  

𝑓𝑣𝑖𝑏 =
𝑒−ℎ𝜔 2𝑘𝐵𝑇⁄

1 − 𝑒−ℎ𝜔 𝑘𝐵𝑇⁄
(2.12) 

The rotational partition function for a diatomic molecule is depicted in equation 2.13. 

𝑓𝑟𝑜𝑡 =
8𝜋2𝐼𝑘𝐵𝑇

ℎ2
(2.13) 

The next section will discuss how transition state theory (TST) develops from statistical 

thermodynamics and collision theory and how TST predicts the chemical reaction rate.  

2.2 TRANSITION STATE THEORY 
According to collision theory, molecules have to collide in order to react. The reaction rate depends 

on the number of collisions and the effectiveness of these collisions. The number of collisions 

depends on the effective radii of the molecules, the number of molecules within the available 

volume and the velocity distributions of the molecules. The collision effectiveness is determined by 

several factors, most importantly by the energy which is available to a molecule, since it must be 

sufficient to pass over the energy barrier of the reaction. This minimum energy corresponds to a 

minimum velocity [7, pp. 41–45]. 

The transition state theory or activated complex theory takes into consideration all internal motions 

of the reacting molecules. Species exist in a potential energy landscape where reactants and 

products are considered to be stable states, which appear as pits in this landscape. If a reaction takes 

place the system passes over a transition state, which appears as a saddle point in the potential 
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energy landscape. A system which resides at the transition state is called an activated complex. The 

reaction rate is then defined as the rate at which complexes pass through the transition state [8].  

The following section summarizes the derivation of the Eyring equation for reaction rates based on 

TST as described in “Introduction to Microkinetic Modeling”[7, pp. 45–49]. For a chemical reaction as 

given in equation 2.14, with reactants A and B, products C and D and a, b, c and d stoichiometric 

coefficients, 

a ∙ A + b ∙ B ↔ c ∙ C + d ∙ D (2.14)  

we can define an equilibrium constant as the quotient of the products and the reactants with the 

stoichiometric coefficients as the respective powers (eq. 2.15). 

𝐾 =
𝐶𝑐𝐷𝑑

𝐴𝑎𝐵𝑏
(2.15) 

Given the Maxwell-Boltzmann distribution (eq. 2.6), equation 2.15 can be rewritten as a quotient of 

the partition functions of the reactants and products (eq. 2.16). 

𝐾 =
(𝑓𝐶)𝑐(𝑓𝐷)𝑑

(𝑓𝐴)𝑎(𝑓𝐵)𝑏
𝑒−𝛥𝜖0 𝑅𝑇⁄ ∙ (

1

𝑉 ∙ 𝑁
)

∆𝜈

(2.16) 

V is the unit for volume, N is the unit for particles and ∆ν is the difference between the summarized 

stoichiometric coefficients before and after the reaction. The right-most term is added to keep the 

equilibrium constant dimensionless. The reaction rate depends on the number of reactant molecules 

available and the rate constant. 

In TST it is assumed that species in the transition state are in thermal equilibrium with species in the 

initial state, which is termed the adiabatic approximation. The reaction rate depends on the number 

of molecules reacting, the number of species in both respective states and the rate constants for a 

system passing from initial to transition state. From experiments it is found that rate constants do 

not change when a system reaches equilibrium, so it is reasonable to assume this condition holds for 

an equilibrium between species moving between initial and transition states.  

Elementary reaction steps (ERS’s) are defined by having one single transition state. The reaction rate 

constant of passing over the transition state is equal to the product of the rate 𝜈 at which complexes 

cross over the transition state and the equilibrium constant between initial and transition state (eq. 

2.17). In this equation 𝜈 is a frequency and therefore it is expressed in units of per second. 

𝑘 =  𝜈 ∙ 𝐾 (2.17) 

The expression for the equilibrium constant of an elementary reaction step is given in equation 2.18, 

in which QTS and QIS are the products of partition functions in respectively the transition and initial 

state. 

𝐾 =
𝑄𝑇𝑆

𝑄𝐼𝑆
 𝑒−𝛥𝜖0 𝑅𝑇⁄ (2.18) 

The vibrational partition function of the transition state has an imaginary part which is a loose 

vibration in the translational direction of the reaction coordinate. Separating the imaginary part Qv
i 

from the other partition functions of the transition state yields equation 2.19.  
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𝐾 = 𝑄𝑣
𝑖 ∙  𝐾‡𝑒−𝛥𝜖0 𝑅𝑇⁄ , 𝐾‡ =  

𝑄𝑇𝑆′

𝑄𝐼𝑆

(2.19) 

The imaginary part can be evaluated as any other single vibrational partition function (eq. 2.11) and 

therefore yields equation 2.20, in which ω indicates the specific imaginary vibrational frequency of 

the transition state. 

𝑄𝑣
𝑖 =

1

1 − 𝑒−ℎ𝜔 𝑘𝐵𝑇⁄
(2.20) 

The exponential part of this function can be approximated by using a Taylor expansion. Since the 

exponential term ((-hω)⁄(kBT)) << 1, only the first term of the expansion needs to be taken into 

account and exp(x) = 1+x. Applying this to the expression in equation 2.20 and replacing ω with the 

frequency 𝜈 at which species are able to cross the potential energy barrier gives equation 2.21. 

𝑄𝑣
𝑖 =

1

1 − (1 +
−ℎ𝜈
𝑘𝐵𝑇

)
=

𝑘𝐵𝑇

ℎ𝜈
(2.21)

 

The rate constant from equation 2.17 can be found by substituting the equilibrium constant K with 

the expressions from equation 2.19 and 2.21 (eq. 2.22).  

𝑘 =  𝜈 ∙
𝑘𝐵𝑇

ℎ𝜈
∙

𝑄𝑇𝑆′

𝑄𝐼𝑆
𝑒−𝛥𝜖0 𝑅𝑇⁄ (2.22) 

The crossing frequency 𝜈 cancels out, resulting in equation 2.23 as the expression for the reaction 

rate constant. 

𝑘 =
𝑘𝐵𝑇

ℎ
∙

𝑄𝑇𝑆′

𝑄𝐼𝑆
∙ 𝑒−𝛥𝜖0 𝑅𝑇⁄ ∙ (

1

𝑉 ∙ 𝑁
)

∆𝜈

(2.23) 

Equation 2.23 is a variant of the Eyring equation or the transition state theory equation, which 

describes reaction rates based on TST. [7] 

2.3 MICROKINETICS 
Kinetics studies the rate of chemical reactions from a dynamic viewpoint. The rate of a chemical 

reaction can be defined as either the rate of disappearance of reactants or the rate of formation of 

products. An overall reaction expresses stoichiometry, yet does not necessarily represent the 

reaction mechanism. For a dependable calculation of the reaction rate, a chemical reaction must be 

evaluated as a series of elementary reaction steps (ERS’s). As stated in section 2.2, elementary 

reaction steps are defined as having one single transition state. The expression for the rate of one 

step is an ordinary differential equation (ODE), which after integration over time gives an expression 

for the rate of formation as a function of time. Simple sets of ODE’s can be solved analytically by 

making a number of reasonable assumptions. However, for complex chemical systems numerical 

approximations and microkinetic modelling are needed. [7]  

In a series of ERS’s, for example the Fischer-Tropsch process, the product of one ERS is the reactant 

of another ERS and for every component in the chain we can define an ODE describing the 

concentration over time. FT is a catalytic process in which components adsorb to the surface, are 

rearranged and finally leave the surface. Adsorption, surface reactions and desorption are all ERS’s 
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and the combined set of ODE’s resulting from these ERS’s gives a full microkinetic model of the 

chemical process.  

In addition to describing how the concentration of reactants and products changes over time, a 

complete microkinetic model also describes the concentration of intermediates. In process 

engineering the intermediates are neglected, since tracking their concentrations is complicated. 

Furthermore, a microkinetic model allows us to study the kinetic effects of temperature and 

pressure. Perhaps most importantly, it is a powerful tool for identifying the ERS that limits the overall 

reaction, or rate-determining step. For ERS networks such as FT synthesis there is the possibility of 

multiple rate-determining steps. All in all, microkinetics provides insight into the reaction 

mechanism, which can be used to identify the ideal catalyst for a specific process.   

ERS’s have microscopic reversibility, so they can proceed in both forwards and backwards direction. 

Regardless of direction the species encounter a reaction barrier. For a simple set of ERS’s a potential 

energy diagram (PED) can be constructed, in which these barriers are clearly visible. A PED depicts 

only relative thermodynamic levels and to study the kinetics of a reaction an expression for the 

overall reaction rate is needed.  

For heterogeneous catalysis the set of elementary reaction steps can be divided into three 

categories: adsorption, surface reactions and desorption. Sections 2.3.1 and 2.3.2 discuss the kinetic 

models which are used for ERS’s from these categories. 

2.3.1 Hertz-Knudsen kinetics for adsorption and desorption 

For adsorption the initial state is a molecule in the gas phase, the transition state is a molecule which 

can move around the surface and the final state is an absorbed molecule. When a molecule adsorbs 

to a surface it loses three translational degrees of freedom, three rotational degrees of freedom and 

it gains internal vibrations from new bonds formed with the catalyst, resulting in an adsorbed 

molecule with only vibrational degrees of freedom. In the transition state the molecule still has two 

translational degrees of freedom, three (or two for a linear molecule) rotational degrees of freedom 

and 3N-6 vibrational degrees of freedom, with N the number of atoms in a molecule. If we assume 

vibrational partitions functions can be neglected, rotational partition functions do not change upon 

adsorption and the ideal gas law is valid, this results in equation 2.24 for the reaction constant of 

adsorption. [7] 

𝑘𝑎𝑑𝑠 =
𝑝𝐴

√2𝜋𝑚𝑘𝐵𝑇
(2.24) 

In equation 2.24 𝑝 denotes the partial pressure of the molecule in the gas phase and A is the total 

area of surface site on which a molecule can adsorb.  

Desorption can be interpreted as opposite adsorption, with the adsorbed species as the initial state. 

Again assuming vibrational partition functions are negligible, this yields equation 2.25 for the 

reaction rate constant of desorption. 

𝑘𝑑𝑒𝑠 =
𝑘𝐵𝑇3

ℎ3

𝐴(2𝜋𝑚𝑘𝐵)

𝜎𝜃𝑟𝑜𝑡
exp (

−𝐸𝑑𝑒𝑠

𝑘𝐵𝑇
) (2.25) 

Factor σ is the symmetry number, which can be derived from symmetry group theory. θrot is the 

characteristic temperature for rotation and is equal to (h2/(8π2IkB)). 

These general rates of adsorption and desorption are known as Hertz-Knudsen kinetics. 
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2.3.2 Arrhenius kinetics for surface reactions 

Adsorbed species are assumed to only have vibrational degrees of freedom. When a surface species 

reacts, it must pass a reaction barrier, also known as activation energy, i.e. surface reactions are 

activated reactions. The activation energy Eact for surface reactions is the change in electronic energy 

corrected for the zero-point energy. Since the zero-point energy is usually small compared to the 

electronic energy, it is often neglected. [7] The zero-point energy changes as a result of the kinetic 

isotope effect (KIE), which will be used to study the mechanism of methanation and Fischer-Tropsch. 

Therefore, the zero-point energy correction is taken into account throughout this thesis. 

The reaction rate constant according to Arrhenius kinetics is depicted in equation 2.26. 

𝑘 =  𝜈 ∙ exp (
−𝐸𝑎𝑐𝑡

𝑘𝐵𝑇
) (2.26) 

The pre-factor ν depends on the vibrational partition functions of the reactants and the transition 

state according to equation 2.27.  

 𝜈𝑓 =  
𝑘𝐵𝑇

ℎ
∙

𝑄𝑣𝑖𝑏,𝑇𝑆′

𝑄𝑣𝑖𝑏,𝐼𝑆

(2.27) 

The subscripted f indicates the forward direction of an ERS. For the backwards equivalent νb the 

vibrational partition function for the initial state is replaced with the vibrational partition function for 

the final state. The activation energy Eact and pre-factor ν both change as a result of the kinetic 

isotope effect and section 2.4 explains in detail how they are affected.  

2.4 THE KINETIC ISOTOPE EFFECT 
Substituting one isotope with another at or near an atom at which bonds are broken leads to a 

change in reaction rate. This effect is known as the kinetic isotope effect. The effect of substituting a 

hydrogen atom with a deuterium atom, which is twice its mass, is relatively large. Studying this effect 

can help elucidate reaction mechanisms and it is applied for this purpose within the field of organic 

chemistry [9, pp. 421–441]. 

The goal of an isotopic experiment is to determine whether the bond at which an isotopic 

substitution is made changes during the rate-determining step. A kinetic isotope effect is expressed 

as a ratio of rate constants, i.e. kH/kD. The numerator (kH) is typically the rate constant for the natural 

abundance isotope, which is hydrogen for a deuterium KIE. To calculate this ratio the rate constant is 

determined for (almost) 100% hydrogen and for 100% deuterium at the specific bond that is of 

interest. The magnitude of the kH/kD ratio gives information about the reaction mechanism. We can 

specify three general categories: (1) kH/kD = 1, meaning the bond does not change during the rate 

determining step or the isotope effect is too small to be measured accurately, (2) kH/kD > 1, which is 

called a normal KIE and points to bond cleavage or rehybridization during the rate determining step 

and (3) kH/kD < 1, which is called an inverse isotope effect and points to rehybridization to a bond 

with one or more stiffer vibrational modes [9]. 

A primary KIE originates from the difference in frequencies of various vibrational modes of a 

molecule which arises when one isotope is replaced with another. Looking at a PED of a reaction the 

relative minima and maxima do not change with substitution of an atom with an isotope. However, 

the vibrational modes in initial, transition and final state are affected by substitution. The vibrational 

states in an energy well are quantized and the lowest point of an energy well is called the zero-point 

energy (ZPE). [9] As stated in section 2.2, for bond breaking or formation the stretching vibration of 



18 
 

that bond is defined as the reaction coordinate. It is modelled as an harmonic oscillator and 

accordingly, the vibrational frequencies depend on mass corrected force constants (eq. 2.31, [9]). 

Evidently, the zero-point energy changes with isotope substitution.  

How exactly do zero-point energy changes cause a kinetic effect? Each point along the reaction 

coordinate is associated with a potential energy well which is perpendicular to the reaction 

coordinate. Each of these wells, including the one in the transition state, has vibrational states 

associated with it and henceforth a zero-point energy. As stated above, substitution with an isotope 

will cause a shift in the zero-point energy (ΔEZPE) of both the initial state and the transition state. 

Since the zero-point energy shift is different for initial and transition state, the total energy barrier 

for passing over the transition state changes, hence the reaction rate is affected by substitution with 

an isotope. The magnitude of the KIE then depends on the difference in ΔEZPE in the initial and 

transition state [9]. 

Section 2.4.1 explains how the magnitude of a KIE can be calculated with the Hessian matrix. 

2.4.1 The Hessian matrix 

The Hessian matrix describes how displacing atoms affects the force on all atoms inside a molecule 

or a structure. The rows and columns of the Hessian matrix are the x, y and z directions of every 

atom in the molecule. Element H1,1 describes how a displacement of the first atom in the x direction 

affects the total force on that atom in the x-direction. Element H1,2 describes how a slight 

displacement of the first atom in the y direction affects the total force of that atom in the x direction, 

and so on. From two forces pointing in opposite directions (for example +x and -x) and the 

characteristic distance between displacements in opposite directions r (0.02 Å) the second 

derivatives are determined. These numbers are placed in the Hessian matrix, as shown in equation 

2.28. 

𝐻𝑖𝑗 = (

𝐻1,1 ⋯ 𝐻1,𝑛

⋮ ⋱ ⋮
𝐻𝑛,1 ⋯ 𝐻𝑛,𝑛

) (2.28) 

The entire Hessian matrix then describes all force interactions between all atoms of the molecule. 

For example, element H5,3 describes the force change in the y-direction of the second atom (2) as a 

result of displacing the first atom (1) in the z direction. To calculate H5,3 equation 2.29 is used. 

𝐻5,3 =

((
𝜕𝐸2
𝜕𝑦

)
+𝑧1

− (
𝜕𝐸2
𝜕𝑦

)
−𝑧1

)

2ℎ
(2.29)

 

Performing these calculations for all elements gives the non-symmetrical Hessian matrix. If the 

harmonic approximation is used, element H1,2 and H2,1 should theoretically be the same. Therefore, 

the matrix is symmetrized by taking the average of all element pairs (H1,3-H3,1, H2,3-H3,2, etc.) and 

replacing both with this average. 

After some unit conversions this symmetrical matrix is mass-corrected. All elements are divided by 

the square root of the product of the molar masses of the atoms that make up the element, which 

can be seen in equation 2.30.  

�̂� =
𝐻

√𝑀𝑖𝑀𝑗

(2.30) 
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Mi is the molar mass of the first atom, Mj of the second atom. Note that Mi and Mj can be of the 

same atom, which is the case if the atom is interacting with itself. 

With MATLAB the eigenvectors and eigenvalues are calculated from the symmetrized, mass-

corrected matrix. The eigenvalues represent the quantities √(𝑘𝑖/𝜇) from which the vibrational 

frequencies are calculated using equation 2.31. 

�̅�𝑖 =
1

2𝜋𝑐
∙ √|

𝑘𝑖

𝜇
| , 𝜇 =

𝑀𝑖𝑀𝑗

𝑀𝑖 + 𝑀𝑗
(2.31) 

In which �̅�𝑖 [m
-1] represents the vibrational frequencies, c [m s-1] represents the speed of light and 

√(𝑘𝑖/𝜇) [s-2] represents vibrational frequencies. [10] 

These vibrational frequencies are used to calculate the zero-point energy correction (ΔEZPE), as well 

as the forwards and backwards exponential pre-factor (νf and νb) for elementary reaction steps. 

As an example, the full calculation for a hydrogen atom on a Co stepped surface is done below. The 

entire Hessian matrix is depicted in equation 2.32. The rows and columns both represent the x, y and 

z coordinates for the hydrogen atom. 

𝐻𝑖𝑗 = (

𝐻1,1 𝐻1,2 𝐻1,3

𝐻2,1 𝐻2,2 𝐻2,3

𝐻3,1 𝐻3,2 𝐻3,3

) (2.32) 

The formula for element H1,1 is written in full in equation 2.33 . The calculation is equivalent for other 

elements on the diagonal. 

𝐻1,1 =
((

𝜕𝐸
𝜕𝑥

)
+𝑥

− (
𝜕𝐸
𝜕𝑥

)
−𝑥

)

2ℎ
(2.33)

 

The force changes resulting from slight displacement of the hydrogen atom are summarized in Table 

2.1. 

 +xH +yH +zH -xH -yH -zH 

xH -0.042146 0.010145 0.025683 0.050920 -0.004942 -0.012985 

yH 0.011212 -0.059057 -0.004190 -0.004909 0.065807 0.007720 

zH 0.016432 -0.007952 -0.088995 -0.022347 0.002513 0.084391 
Table 2.1 Force changes induced by displacements in which +x, +y, etc. are displacements and x, y, z are directions. Numbers 
are force changes for corresponding directions and displacements in eV/Å. 

Filling in equation 2.33 then yields equation 2.34. 

𝐻1,1 =
((−0.042146 − 0.050920))

2 ∙ 0.02
 = −2.3267

𝑒𝑉

Å2
(2.34) 

To clarify even further, the calculation for element H1,2 and H2,1 is also written in full in equation 2.35. 

𝐻1,2 =

((
𝜕𝐸
𝜕𝑥

)
+𝑦

− (
𝜕𝐸
𝜕𝑥

)
−𝑦

)

2ℎ
, 𝐻2,1 =

((
𝜕𝐸
𝜕𝑦

)
+𝑥

− (
𝜕𝐸
𝜕𝑦

)
−𝑥

)

2ℎ
(2.35)

 

Filling in the numbers from Table 2.1 and symmetrizing yields equation 2.36. 
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𝐻1,2 = 𝐻2,1 =
(

(0.010145 + 0.004942) + (0.011212 + 0.004909)
2

)

2 ∙ 0.02
= 0.3901

𝑒𝑉

Å2
(2.36)

 

With this method all other elements in the matrix for hydrogen can be calculated from the force 

changes in Table 2.1 . The full symmetrized matrix is shown in equation 2.37.  

𝐻𝑖𝑗 = (
−2.3267 0.3901 0.9681
0.3901 −3.1216 −0.2797
0.9681 −0.2797 −4.3347

)
𝑒𝑉

Å2
(2.37) 

Converting to SI units yields equation 2.38. 

𝐻𝑖𝑗 = 1025 ∙ (
 −2.2449 0.3764 0.9341

0.3764 −3.0118  −0.2699
0.9341 −0.2699 −4.1823

) 
𝑘𝑔

𝑠2 ∙ 𝑚𝑜𝑙
(2.38) 

The molar mass for all elements inside the matrix is that of a hydrogen atom, so Mi=Mj=1.008*10-3 

kg/mol. This yields the mass-corrected matrix, which is shown in equation 2.39. 

�̂� = 1028 ∙ (
 −2.2271 0.3734 0.9266

0.3734 −2.9879  −0.2677
0.9266 −0.2677 −4.1491

) 
1

𝑠2
(2.39) 

Using MATLAB, the eigenvectors (V, equation 2.40) and eigenvalues (D, equation 2.41) are 

calculated. The eigenvectors in V represent the directions of the vibrations. 

𝑉 = (
 −0.3831 −0.1103 −0.9171

0.2347 0.9486  −0.2122
0.8934 −0.2965 −0.3375

) (2.40) 

 

𝐷 = 1028 ∙ (
 −4.6167 0 0

0 −2.9477  0
0 0 −1.7997

) 
1

𝑠2
(2.41) 

The eigenvalues represent the vibrational frequencies √(𝑘𝑖/𝜇). The vibrational frequencies �̅�𝑖 [m
-1] 

are calculated from the absolute values of the three eigenvalues, using equation 2.31. One has been 

calculated in equation 2.42 as an example. 

�̅�𝑖 =
√4.6167 ∙ 1028

2𝜋 ∙ 3 ∙ 108
= 113989 𝑚−1 = 1139,9 𝑐𝑚−1 (2.42) 

Equivalently, the other two vibrational frequencies are calculated: 910,8 cm-1 and 711,7 cm-1. 

The zero-point energy correction and pre-factors of surface reactions can be calculated from these 

vibrational frequencies and from equation 2.30 it is obvious the vibrational frequencies change for an 

isotope. Section 2.4.2 describes how Eact,f, Eact,b, νf and νb can be calculated from the vibrational 

frequencies of the initial state, transition state and final state. 

2.4.2 Derivation of the zero-point energy correction ΔEZPE 

The total partition function of either the initial/final state or the transition state is under terrestrial 

conditions the product of four single-component partition functions, i.e. the electronic, translational, 

rotational and vibrational partition function (eq. 2.43). 

𝑄
𝐼𝑆
𝑇𝑆 = 𝑄𝑒𝑄𝑡𝑄𝑟𝑄𝑣 (2.43) 
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The general expression for the rate constant k, according to transition state theory, is based on the 

assumption that the initial/final state and the transition state are in thermal equilibrium. Hence, we 

can introduce an equilibrium constant K‡ (eq. 2.44). 

 𝐾‡ =  
𝑄𝑇𝑆′

𝑄𝐼𝑆

(2.44) 

The ‡ indicates that the imaginary vibrational frequency in the transition state has been left out. If 

we further assume that there is a specific frequency coefficient that describes the rate of crossing of 

a particle over the transition state (equation 2.17), then the reaction rate constant is the product of 

these two parameters.  

Extracting the electronic partition functions from the total partition functions Q of the transition and 

initial states yields equation 2.45. 

𝑘 =  
𝑘𝐵𝑇

ℎ
∙

𝑄𝑇𝑆′

𝑄𝐼𝑆
∙ exp (

−∆𝐸𝑒𝑙𝑒𝑐

𝑘𝐵𝑇
) , ∆𝐸𝑒𝑙𝑒𝑐 = ∆𝐸𝑒

𝑇𝑆 − ∆𝐸𝑒
𝐼𝑆 (2.45) 

Herein, Q’ denotes a configurational partition function and is only composed of one or more degrees 

of freedom of rotational, translational or vibrational nature. The number of vibrational modes in the 

transition state (assuming that the adsorbate is strongly bound with the catalytic surface) is 3N-1, 

where N is the number of atoms and the -1 pertains to the imaginary frequency in the direction of 

the reaction coordinate. This imaginary frequency was previously extracted in the derivation of the 

pre-exponential factor in order to construct a crossing frequency and is no longer contained in the Q’ 

term of the TS. The initial state, by definition, does not have this imaginary frequency, hence the 

number of vibrational modes is 3N. Leaving out the translational and rotational part of the partition 

function yields equation 2.46. 

𝑘 =
𝑘𝐵𝑇

ℎ
∙

∏ 𝑓𝑖
3𝑁−1
𝑖=1

∏ 𝑓𝑗
3𝑁
𝑗=1

∙ exp (
−∆𝐸𝑒𝑙𝑒𝑐

𝑘𝐵𝑇
) (2.46) 

A single vibrational partition function, with respect to the electronic ground state of the system, is 

given in equation 2.47. 

𝑄𝑣 =
exp (

−ℎ𝜔
2𝑘𝐵𝑇

)

1 − exp (
−ℎ𝜔
𝑘𝐵𝑇

)
(2.47) 

Herein, the numerator corresponds to the zero-point energy (ZPE) of the vibrational mode. Explicitly 

writing out this equation for the vibrational partition function into the expression for the rate 

constant (eq. 2.46) yields equation 2.48:  

𝑘 =
𝑘𝐵𝑇

ℎ
∙

∏
exp (

−ℎ𝜔𝑖
2𝑘𝐵𝑇

)

(1 − exp (
−ℎ𝜔𝑖
𝑘𝐵𝑇

))

3𝑁−1
𝑖=1

∏
exp (

−ℎ𝜔𝑗

2𝑘𝐵𝑇
)

(1 − exp (
−ℎ𝜔𝑗

𝑘𝐵𝑇
))

3𝑁
𝑗=1

∙ exp (
−∆𝐸𝑒𝑙𝑒𝑐

𝑘𝐵𝑇
) (2.48) 
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We loop over all the relevant vibrational modes in the IS and TS to form the product in the pre-

exponential factor. Separating and combining similar terms yields the product in equation 2.49. 

𝑘 =
𝑘𝐵𝑇

ℎ
∙

∏ (1 − exp (
−ℎ𝜔𝑖
𝑘𝐵𝑇

))
−1

3𝑁−1
𝑖=1

∏ (1 − exp (
−ℎ𝜔𝑗

𝑘𝐵𝑇
))

−1
3𝑁
𝑗=1

∙
∏ exp (

−ℎ𝜔𝑖
2𝑘𝐵𝑇

)3𝑁−1
𝑖=1

∏ exp (
−ℎ𝜔𝑗

2𝑘𝐵𝑇
)3𝑁

𝑗=1

∙ exp (
−∆𝐸𝑒𝑙𝑒𝑐

𝑘𝐵𝑇
) (2.49) 

Herein, the part of the expression that pertains to the zero-point energy is specifically separated out. 

The second term on the left is captured into a single constant (CF) which is assumed here for 

simplicity to be equal to unity. In reality CF describes how the pre-exponential factor (νf or νb) is 

calculated from the vibrational frequencies. The third term, which is a product of exponents, can be 

rewritten as a sum inside a single exponent (eq. 2.50). 

𝑘 =
𝑘𝐵𝑇

ℎ
∙ 𝐶𝐹 ∙ exp (

− [∆𝐸𝑒𝑙𝑒𝑐 + ∑
ℎ𝜔𝑖

2
3𝑁−1
𝑖=1 − ∑

ℎ𝜔𝑗

2
3𝑁
𝑗=1 ]

𝑘𝐵𝑇
) (2.50) 

This expression allows us to define the zero-point energy pertaining to an ERS (eq. 2.51). 

𝑘 =
𝑘𝐵𝑇

ℎ
∙ exp (

−[∆𝐸𝑒𝑙𝑒𝑐 + ∆𝐸𝑍𝑃𝐸]

𝑘𝐵𝑇
) , ∆𝐸𝑍𝑃𝐸 = ∑

ℎ𝜔𝑖

2

3𝑁−1

𝑖=1

− ∑
ℎ𝜔𝑗

2

3𝑁

𝑗=1

(2.51) 

Here i loops over all vibrational modes of the transition state and j loops over all vibrational modes of 

the initial state (forwards ERS) or final state (backwards ERS). The activation energy (Eact,f or Eact,b) is 

equal to [∆Eelec+∆EZPE]. In other words, the zero-point energy difference of an ERS is simply the 

difference of the sums of the individual single-point energies corresponding to all vibrational modes 

of the two states.  

2.5 STEADY-STATE ISOTOPIC TRANSIENT KINETICS ANALYSIS 
Steady-State Isotopic Transient Kinetics Analysis (SSITKA) is based on monitoring the transient 

response of products directly after one or multiple compounds in the feed have been replaced by an 

isotopic counterpart. Since the system remains at steady-state while the switch occurs, SSITKA allows 

for studying kinetics at steady-state conditions. The chemical composition of the surface does not 

change by the sudden replacement of a reactant with its isotope [11]. The technique is widely used 

to obtain information about reaction mechanisms of surface reactions such as FT synthesis [12, p. 

20]. A review on SSITKA methodology for studying heterogeneously catalysed reactions is given by 

Ledesma et al. [13].  

Relevant switches for this thesis are H2 to D2 and 12CO to 13CO. We will model SSITKA experiments 

with reaction parameters calculated from DFT results and the mathematical derivation given in 

section 2.4.2. 
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3 METHODS 

3.1 CALCULATING ARRHENIUS PARAMETERS FOR ISOTOPES (CASTOR)  
To calculate the Arrhenius parameters for isotopes from DFT output called OUTCARs, we need to 

apply the Hessian matrix as described in 2.4.1. From the vibrational frequencies calculated with the 

Hessian matrix we can calculate the zero-point energy correction (∆𝐸𝑍𝑃𝐸) and vibrational partition 

function (𝑄𝑣𝑖𝑏) of an IS, TS and FS. To calculate the parameters for an ERS, we need OUTCARs for all 

compounds in the IS and FS and an OUTCAR for the TS. The computer program Castor calculates 𝐸0, 

∆𝐸𝑍𝑃𝐸 and 𝑄𝑣𝑖𝑏 from the OUTCAR for a specific mass change[14], from which we can calculate the 

Arrhenius parameters for an ERS. The forward activation energy for an ERS is calculated from DFT 

data according to equation 3.1. 

𝐸𝑎,𝑓 =
1

2
∙ (𝐸𝑍𝑃𝐸,𝑇𝑆 − 𝐸𝑍𝑃𝐸,𝐼𝑆) (3.1) 

The factor 
1

2
 is added because the OUTCARs constitute a point-symmetrical double site with two 

equivalent compounds, which gives twice the zero-point energy correction and vibrational partition 

function. For calculating the backwards activation energy we replace the zero-point energy corrected 

energy of the initial state with the energy of the final state. The forward pre-factor of an ERS is 

calculated from DFT data according to equation 3.2. 

ν𝑓 = √
𝑄𝑣𝑖𝑏,𝑇𝑆

𝑄𝑣𝑖𝑏,𝐼𝑆

(3.2) 

As the factor 
1

2
 was added to correct for the double site in calculating the activation energy, the 

square root is added in calculating the pre-factor. Evidently, for calculating ν𝑏, 𝑄𝑣𝑖𝑏,𝐼𝑆 is replaced by 

𝑄𝑣𝑖𝑏,𝐹𝑆.  

Since ∆𝐸𝑍𝑃𝐸 and 𝑄𝑣𝑖𝑏 change with mass, we can calculate the activation energies and pre-factors for 

isotope variants of ERS’s, allowing us to research the KIE of a network of ERS’s.  

3.2 CONSTRUCTING FISCHER-TROPSCH NETWORKS WITH CHEMTREE  
Chemtree is a computer program written in C++ that generates and visualizes chemokinetic networks 

for SSITKA simulations of Fischer-Tropsch synthesis using a nodetree [15]. It was developed within 

the IMC group for the purpose of this research. To run chemtree the user needs to specify the length 

of the highest carbon chain and whether or not to include deuterium. The program will output all 

compounds and elementary reaction steps of C hydrogenation and coupling reactions that need to 

be included in the MKMCXX input file, plus either a graph or a network of the compounds and ERS’s. 

For C2 compounds, the carbon atom which is least hydrogenated will always be depicted left and H 

atoms are depicted in front of D atoms. Fluid products that leave the surface such as methane and 

ethane can only be formed by a final hydrogenation step, excluding formation of these products by a 

final coupling step. The program output was manually checked for networks up to C2 hydrocarbons 

including deuterium.  

Figure 4 and Figure 5 depict the network graphs for respectively C1 hydrocarbons with deuterium and 

C2 hydrocarbons without deuterium. The network graph for C2 hydrocarbons with deuterium can be 

found in Appendix D. 



24 
 

 

Figure 4 Network graph of C1 hydrocarbons including deuterium isotopes generated by chemtree. Blue and red arrows 
indicate respectively hydrogenation and deuteration.  

 

Figure 5 Network graph of up to C2 hydrocarbons without deuterium isotopes generated by chemtree. Black arrows indicate 
coupling reactions. 
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3.3 MICROKINETIC MODELLING WITH MKMCXX  
MKMCXX is a C++ program for microkinetic modelling which was developed within the IMC group [3], 
[16]. It allows for performing complex microkinetic simulations with large numbers of compounds 
and ERS’s, which is the case for Fischer-Tropsch synthesis. MKMCXX converts the set of compounds 
and ERS’s into a set of ODE’s, which is solved numerically.  

Adsorption and desorption of compounds follow Hertz-Knudsen kinetics (Section 2.3.1). The 
parameters MKMCXX needs for HK kinetics with the example of CO are given in Table 3.1. 

Compound A [m2] m [a.u.] σ [-] θrot [K] Eads [kJ/mol] 
12CO 10-18 28 2 10-4 129.92 

Table 3.1 Hertz-Knudsen parameters for CO adsorption/desorption on a Co(112̅1) site.  

Surface 

ERS νf [s-1] νb [s-1] Ea,f [kJ/mol] Ea,b [kJ/mol] 
12CO*+* ↔ 12C*+O* 3.14*1012 9.92*1012 99.51 101.65 

Table 3.2 Arrhenius parameters for non-hydrogen assisted CO dissociation on a Co(112̅1)  site 

Two types of microkinetics simulations were performed for this thesis. The first type is called a 
sequencerun, which assumes zero conversion and infinite reactor volume. The second type is SSITKA, 
which simulates a transient experiment and uses a reactor model. For the SSITKA simulations 
performed within this research a CSTR reactor model with a set volume and catalyst load was used. 

The output of a MKMCXX run can include production per time, surface species coverages, selectivity, 
derivatives, a degree of rate control (DRC) analysis and a degree of selectivity control (DSC) analysis. 
The DRC analysis calculates the DRC 𝜒𝑖  for every ERS 𝑖, which is defined as the change of reaction 
rate per change of reaction rate constant (eq. 3.3). [17] 

𝜒𝑖 = (
𝜕 ln 𝑟

𝜕 ln 𝑘𝑖
)

𝑘𝑖≠𝑘𝑗,𝐾𝑖

, 𝐾𝑖 =
𝑘𝑖

+

𝑘𝑗
− (3.3) 

A positive DRC indicates the ERS is rate-controlling, whereas a negative DRC points to a rate-
inhibiting ERS. Because of its mathematical definition, the sum of all DRCs must be equal to 1. If an 
ERS has a DRC of 1 and the DRC for all other ERS’s is 0, the ERS is rate-determining and all ERS’s prior 
to the rate-determining step are in pseudo-equilibrium.  

A DSC analysis calculates the influence of a particular ERS on the selectivity rather than the activity of 
a reaction. It is calculated from the DRC results using equation 3.4. [18], [19] 

𝜖𝑖,𝑐 = 𝜂𝑐(𝜒𝑐,𝑖 − 𝜒𝑟,𝑖) (3.4) 

𝜖𝑖,𝑐 is the DSC of ERS 𝑖 on the selectivity towards compound 𝑐. A positive DSC indicates the selectivity 
towards the compound will increase if the barrier for the corresponding reaction step is lowered, 
while a negative DSC indicates the selectivity towards the compound will decrease if the barrier is 
lowered. As the sum of all DRCs must be 1, the sum of all DSCs must be equal to 0. 
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4 RESULTS / DISCUSSION 

4.1 POTENTIAL ENERGY DIAGRAM OF C1 ISOTOPES 
The energy barriers between initial, transition and final states of the elementary reaction steps for 

methanation with deuterium isotopes were calculated from DFT data. These energy barriers are 

visualized in a potential energy diagram (Figure 6). Non-hydrogen assisted dissociation of CO has a 

much higher activation energy than the hydrogenation steps of C. The final hydrogenation step has a 

significantly higher activation energy as compared to the other hydrogenation steps. Therefore, it 

could be assumed that the first three hydrogenation steps are at pseudo-equilibrium. The barrier for 

addition of a hydrogen atom is always slightly lower than that for addition of a deuterium atom, 

hence hydrogen addition is kinetically more favourable. Thermodynamic stability of intermediates 

and products increases with the number of deuterium substitutions. Combining these facts, one 

would expect the simulation results to show increased selectivity towards hydrogen-rich components 

with increasing temperature.  
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Figure 6 Potential Energy Diagram of CO dissociation and C hydrogenation/deuteration steps 

However, the potential energy diagram alone is not sufficient to describe the entire energy 

landscape. The surface composition remains unclear and the pre-factors are not taken into account.  

The pre-factors for C1 hydrogenation steps are listed in Table 4.1. The two right-most columns 

indicate the pre-factor correction for adding either a hydrogen atom or a deuterium atom. As can be 

seen from these numbers, the pre-factors for deuteration are slightly lower than those for 

hydrogenation. Lowering the pre-factor lowers the reaction rate constant, so combining this with the 

higher activation energies for deuteration, hydrogenation of C1 is kinetically favoured over 

deuteration.  

 



27 
 

 
νf νb νf(+H)/νf(+D) νb(+H)/νb( +D) 

C+H 1.18E+13 8.38E+12 
  

C+D 1.00E+13 7.41E+12 1.18 1.13 

CH+H 1.47E+13 5.61E+12 
  

CH+D 1.27E+13 4.97E+12 1.16 1.13 

CD+H 1.42E+13 5.35E+12 
  

CD+D 1.23E+13 4.83E+12 1.15 1.11 

CH2+H 1.04E+13 4.26E+12 
  

CH2+D 9.37E+12 3.91E+12 1.11 1.09 

CHD+H 9.90E+12 4.16E+12 
  

CHD+D 8.64E+12 3.82E+12 1.15 1.09 

CD2+H 9.66E+12 3.82E+12 
  

CD2+D 8.43E+12 3.81E+12 1.15 1.00 

CH3+H 1.16E+13 8.32E+10 
  

CH3+D 1.03E+13 7.84E+10 1.13 1.06 

CH2D+H 1.02E+13 7.37E+10 
  

CH2D+D 9.09E+12 7.07E+10 1.12 1.04 

CHD2+H 9.05E+12 6.68E+10 
  

CHD2+D 8.07E+12 6.50E+10 1.12 1.03 

CD3+H 8.20E+12 6.21E+10 
  

CD3+D 7.31E+12 6.04E+10 1.12 1.03 
Table 4.1 Pre-factor correction for C1 hydrogenation/deuteration 

4.2  METHANATION 

4.2.1 C1 simulation results: Sequenceruns 

A microkinetic simulation to investigate the kinetic isotope effect in CO hydrogenation has been 

performed. Herein, a CO/H2/D2 mixture of 1:2:2 has been used at a total pressure of 20 bar. 

Sequencerun simulations assume zero percent conversion and infinite volume. The full set of 

elementary reaction steps, pre-exponential factors and activation energies as written in the input file 

for MKMCXX is given in Appendix A. It should be emphasized that within this study, we have taken 

three different possible mechanisms for CO dissociation into account, being (1) direct CO 

dissociation, (2) hydrogen-assisted CO dissociation with hydrogen attaching to the carbon atom of 

CO and (3) hydrogen-assisted CO dissociation with hydrogen attaching to the oxygen atom of CO.  

This section set up as follows. First, we will explore the activity for CO hydrogenation over Co as a 

function of temperature. Next, we will explore the selectivity patterns and a degree of rate control 

(DRC) analysis. From this analysis, the relevant branches in the chemokinetic network are identified 

and in conjunction with the potential energy diagram, the product distribution is rationalized. This 

allows us to describe the consequences of the KIE over the network of ERS’s.  
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Figure 7 Production of CHxDy as a function of temperature 

In Figure 7, the production of CHxDy (x,y = 0…4; x+y=4) is given as a function of temperature. From 

this graph, it can be clearly seen that the reaction rate shows an optimum (Sabatier principle) at 

540K. At optimum temperature the total production is 45 s-1. To get insight into the product 

distribution, Figure 8 has been constructed.  

 

Figure 8 Selectivities towards CHxDy and HaDbO isotopes 

Herein, the fraction of CHxDy produced per CO consumed as well the fraction of HaDbO (a,b=0..2; 

a+b=2) produced per consumed CO is provided as a function of temperature. From these selectivities 

we can clearly see how the kinetic isotope effect affects product distribution. The selectivity 

distribution is determined by the number of paths towards the various products combined with the 
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reaction parameters for the ERS’s on those paths. If the reaction parameters are the same for all 

isotopes, the product distribution would be a perfect Gaussian, with CH4:CH3D:CH2D2:CHD3:CD4 = 

1:4:6:4:1. Interestingly, there is a clear selectivity pattern for the deuterated versus hydrogenated 

products as a function of temperature. This result can be explained using the PED in Figure 6, which 

shows hydrogenation of carbon is kinetically favoured over deuteration, whereas deuterated carbon 

species are thermodynamically more stable. 

For oxygen removal, it can for instance be seen that production of HDO is somewhat similar for 

temperatures between 420 and 680 K, while at low temperatures H2O is favoured over D2O. At T=680 

K, selectivity towards these three isotopes is comparable. Since there are more pathways towards 

HDO, we can conclude H2O and D2O are favoured products. For the production of C1 hydrocarbons, 

we also note that the particular distribution of compounds critically depends on the temperature, 

although the effects are due to the relatively large number of compounds less easy to identify. 

Nevertheless, some clear qualitative trends stand out. That is, at low temperature CHD3 seems to be 

the dominant product, whereas the higher temperature CH3D becomes the dominant product. 

Furthermore, we note that the product distribution for CH2D2 is fairly consistent over the whole 

temperature range.  

Figure 9 shows the coverage of the surface found at various temperatures. We can clearly see the 

coverage of 12CO decreasing with increasing temperature, as the number of empty sites increases. At 

maximum production temperature (540 K) approximately a third of the surface is empty, 10% is 

covered with CO*, 20% with C*, another 21% with H* and around 15% is covered with D*. O* is 

absent over the entire temperature range, which indicates water formation is not rate limiting 

between 420 and 680 K. However, water formation could be in competition with methanation since 

both require H* or D*. The coverage plot suggests the pathway towards CHxDy becomes increasingly 

rate-determining with increasing temperature, while at lower temperatures the rate is determined 

by the dissociation of CO. The adsorption energy of deuterium in this simulation (86,38 kJ/mol) is 

slightly higher than adsorption energy of hydrogen (84,76 kJ/mol). However, hydrogen coverage is 

still higher than deuterium coverage, since adsorption of hydrogen is entropically more favourable; 

the rate constant for deuterium adsorption is equal to that of hydrogen adsorption divided by √2 and 

deuterium desorption is twice as strong as hydrogen desorption (eq. 2.24 and 2.25).   
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Figure 9 Coverages of sequencerun CO:H2:D2=1:2:2. At maximum production temperature (540 K) the surface is covered with 
CO*, C*, H* and D*. The remaining ~33% of the surface is empty. 

Obviously, the preferred kinetic product results from the particular branch in the chemo-kinetic 

network that allows for the largest molar fluxes. To identify the critical branches in the network, a 

degree of rate control analysis (DRC) is performed. This analysis is shown in Figure 10.  

 

Figure 10 DRC analysis with key component CO: elementary reaction steps of CO towards CHxDy and HaDbO 

In the DRC analysis, it can be seen that at low temperature, direct CO dissociation is the rate-

determining step, as is to be expected from the relatively large reaction barrier of CO of 99.5 kJ/mol 

(see also the potential energy diagram in Figure 6). Note that neither of the hydrogen-assisted CO 

dissociation steps control the rate, hence all CO dissociation occurs through direct dissociation. With 

increasing temperature, we see that CO dissociation becomes decreasingly rate-controlling as the 
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temperature is sufficiently high to overcome the dissociation barrier. Consequently, the elementary 

reaction step associated with the next highest energy barrier in the potential energy diagram 

becomes increasingly more rate-controlling. In our network, this turns out to be the fourth 

hydrogenation step. Hence, we can assume that to a large extend all previous elementary reaction 

steps for hydrogenation of adsorbed C are in pre-equilibrium. The existence of this pre-equilibrium is 

reflected by the product distribution for this temperature range (Figure 8), which shows a preference 

for the hydrogenated product of CD3, i.e. CHD3, over the deuterated product, i.e. CD4. Reflecting on 

the PED, we can see CD3+H is the most stable initial state for the final hydrogenation step. The DRC 

for hydrogenation is consistently more rate controlling than the DRC of the corresponding ERS for 

adding deuterium. Combining the coverages with the DRC analysis we can conclude CO dissociation 

is rate controlling in the lower temperature range and the final methanation step is increasingly rate 

controlling for higher temperatures. Water formation could be rate controlling at temperatures of 

680 K and up. 

With these results, we can predict the network of elementary reaction steps for methanation, which 

is depicted in Figure 11.  

 

Figure 11 Network of elementary reaction steps for hydrogenation of CO towards CHxDy and HaDbO.The first step represents 
non-hydrogen assisted dissociation of CO. Unless depicted otherwise, up is hydrogenation and down is deuteration. 

After initial non-hydrogen assisted CO dissociation, a line pointing upwards represents hydrogenation 

whereas a line downwards represents deuteration. For formation of the water isotopes from OH* 

and OD* multiple pathways are possible, which are drawn separately in Figure 11. Note that the 

formation of HDO from OH and OD is depicted twice, though both represent the same ERS, being 

OH+OD to HDO. There are in total three distinct paths towards HDO. 
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A degree of selectivity control (DSC) analysis was performed for all CHxDy and HaDbO products. The 

resulting bar charts can be found in Appendix B. The selectivity towards all CHxDy products is fully 

controlled be the final hydrogenation step, which supports our earlier assumption based on the PED 

that the first three hydrogenation steps are at pseudo-equilibrium.  

To calculate the KIE for methanation, we performed two sets of microkinetic simulations wherein we 
analyzed the reaction rates as a function of temperature, one with carbon mono-oxide and hydrogen 
(CO:H2=1:4) and one with deuterium instead of hydrogen (CO:D2=1:4). The optimum production 
temperature for CH4 turned out to be 532 K whereas for CD4 this was 527 K, which is consistent with 
the methanation condition of 260 °C used in practice [11]. The maximum production temperature for 
CH4 and CD4 is slightly lower than the maximum production temperature of CHxDy, which was 540 K. 
To calculate the KIE over the entire sequence of ERS’s, we divided the derivative with respect to time 
of CO with only hydrogen present by the derivative with respect to time when only deuterium is 
present (Figure 12), computing a KIE of kH/kD < 1 for the low-temperature range (440-525 K) and an 
increasingly positive KIE (kH/kD > 1) for the higher temperature range (530-680 K). Interestingly, at 
optimum production temperature (~530 K), the total KIE of the sequence is close to or equal to 1. 

 

Figure 12 The derivative ratio of CO for the production of CH4 and CD4 from CO/H2 and CO/D2 respectively, displaying an 
inverse KIE for T<530 K and an increasing normal KIE for T>530 K. This data corresponds to zero conversion. 

It is important to note that these results do not apply to a network. Methanation with only H or only 
D present is just a sequence of hydrogenation steps without any networking steps such as shown in 
Figure 11.  

The following section will discuss results found for simulations of SSITKA experiments. Unlike the 
sequencerun simulations, the SSITKA simulations do involve a reactor model. 
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4.2.2 C1 simulation results: SSITKA 

Three simulations of transient experiments were performed on the dataset for methanation: (1) 
12CO/H2 to 12CO/D2, (2) 12CO/H2 to 13CO/D2 and (3) 12CO/H2 to H2. All three simulations were 
performed at T=540 K with a CSTR reactor model. The first simulation will yield the total deuterium 
KIE for steady-state methanation at this temperature. The second simulation will then display a full 
SSITKA switch, showing the difference in magnitude of a deuterium and 13CO KIE. The final simulation 
should validate our reactor model, since switching of the CO input should yield a peak of methane 
formation. For 12CO/H2 to 12CO/D2 the production is given in Figure 13. From these production plots it 
can clearly be seen that the system reaches steady-state before and after the switch. 

 

Figure 13 Production before and after 12CO/H2 to 12CO/D2 switch at T=540 K. Production is plotted against a logarithmic time 
scale. At steady state 12CO/H2 production is 0.00917 mol/(s*m3), whereas 12CO/D2 production is 0.01903 mol/(s*m3). 

Steady-state production of CH4 and CD4 are 0.00917 and 0.01903 mol/(s*m3) respectively. This allows 

us to calculate the deuterium kinetic isotope effect for methanation under these reaction conditions 

as kH/kD=0.00917/0.01903=0.482, which is a clear inverse kinetic isotope effect. The experimental 

results of van Dijk [20, p. 52], kH/kD=0.77, and Gnanamani et al. [21], kH/kD=0.71 at T=493 K, also 

show enhancement of CO conversion in SSITKA experiments of Fischer-Tropsch synthesis when H2 is 

replaced with D2. Comparing this with our results suggests that hydrogenation on the surface is more 

rate-controlling for methanation than for Fischer-Tropsch synthesis.  

The transition from production of hydrogen-rich methane into deuterium-rich methane in displayed 

by the selectivities in Figure 14. Right after the switch the sum of selectivities is greater than one. 
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This probably occurs because the selectivity is calculated towards a component which is no longer in 

the input.  

 

Figure 14 Selectivity towards various products before and after 12CO/H2 to 
12CO/D2 switch. The selectivity before switch 

shows how the system reaches steady-state production of 12CH4. After switch shows the transition from hydrogen-rich 
methane into deuterium-rich methane, finally reaching full selectivity towards  12CD4 at steady-state. 

The second SSITKA simulation represent a full SSITKA switch, i.e. 12CO/H2 to 13CO/D2. The production 

before switch was, of course, equal to the production in the first SSITKA simulation. The production 

after switch is depicted in Figure 15. As it turns out, the steady-state production for 13CO/D2 input is 

0.01902, which is almost equal to the value of 0.01903 found for 12CO/D2. This points to the expected 

small or negligible KIE of 12CO to 13CO [20, p. 52], which validates our method of calculating reaction 

parameters for isotopes.  

 

Figure 15 Production after 12CO/H2 to 13CO/D2 switch at T=540 K. The steady-state production stabilizes to 0.01902 
mol/(s*m3). 

The selectivity towards various products after the 12CO/H2 to 13CO/D2 switch is depicted in Figure 16. 

We can clearly see a transition from 12C H-rich methane towards 12C D-rich methane, before 12C 

products disappear completely. An equivalent transition can be seen for 13C methane products, 

which stabilize to only 13CD4 at steady-state.  
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Figure 16 Selectivity towards various methane products after 12CO/H2 to 13CO/D2 switch. The selectivity towards 12CO/H2 
products gradually decreases as the selectivity towards 13CD4 increases and stabilizes to 1. 

We would now like to know which reaction intermediates were found at the surface of the catalyst. 

This could give some insight into which elementary reaction steps limit the production. A plot of the 

coverages of various intermediates is depicted in Figure 17. The transition from 12C*, H* and 12CO 

into respectively 13C*, D* and 13CO is clearly visible and the number of empty sites slightly increases 

after the switch. However, the amount of O* and partially hydrogenated/deuterated C species (CH2, 

CH3, etc.) is negligible. This suggests the reaction rate is controlled by hydrogenation steps of C* 

under these reaction conditions.  
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Figure 17 Coverage plots of intermediates after 12CO/H2 to 13CO/D2 switch. The switches from 12C* to 13C*, H* to D* and 
12CO* to 13CO* are clearly visible. No O* or partially hydrogenated C intermediates (CH2, CH3, etc.) are present at the 
surface.  

Interestingly, the results depicted in Figure 17 are significantly different from those in Figure 9, which 

assume zero conversion. The coverage plots of sequencerun and SSITKA simulation show some clear 

differences. For instance, the coverage of C* is around 0.55 for a SSITKA simulation at steady state, 

whereas this is around 0.2 for the sequencerun at T=540 K. Furthermore, the coverage of H* or D* is 

around 0.13 for SSITKA, while for the sequencerun it was 0.36. The fraction of empty sites is around 

0.3 for both simulations. Apparently, dissociation of adsorbed CO is only slightly rate-controlling in a 

CSTR and the rate seems to be controlled mostly by the pathway for hydrogenation of adsorbed C, 

presumably by the final hydrogenation step based on DRC analysis of the sequencerun simulation 

(Figure 10). Water formation does not seem to limit the rate at 540 K, as there is no build-up of O*, 

OH* or OD* on the surface. 

The final SSITKA results were generated by a backward chemical transient kinetics analysis (CTKA) 

simulation. It was based on the experiment performed by Chen [12, pp. 51–73], in which the input is 

switched from CO:H2 to only H2. Its output shows a methane formation peak shortly after the switch, 

which was attributed to fast hydrogenation of adsorbed CO after the CO pressure turns to zero. 

According to our SSITKA simulation results, methane production is limited mainly by hydrogenation 

of adsorbed C. The increase of adsorbed H and empty sites after backwards CTKA is expected to 

result in a sudden methane production peak, before production stabilizes to zero.  

4.2.3 C1 simulation results: backward CTKA 

Figure 18 shows how total production of CH4 and H2O combined evolves after backward CTKA. As 

expected, the total production decreases rapidly before stabilizing to 0.000 mol/(s*m3) at around 

t=1000 s. Figure 19 depicts how the surface coverage changes after backward CTKA. The small 

amount of CO which was initially on the surface disappears completely, after which the surface 

coverage of C* rapidly decreases. The decrease of C* is compensated partially by H*, for which the 

coverage increases from 0.13 to 0.34, and partially by an increase in empty sites.  
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Figure 18 Production after 12CO/H2 to H2 switch. Total production of CH4 and H2O quickly decreases before stabilizing to zero 
production at t=1000 s. 

 

Figure 19 Coverage of surface after 12CO/H2 to H2 switch (backwards CTKA). 12CO quickly leaves the surface, after which C* 
coverage quickly decreases. The number of empty sites and H* coverage increase as C* coverage decreases. 

The selectivity towards CH4 and H2O after the 12CO/H2 to H2 switch was calculated. We found some of 

these data points showed an extremely large selectivity towards CH4, yet they do not show a 

consistent peak. Narrowing the tolerance to 10-16 gave no significantly different result. Selectivities 

greater than 1 do not have any physical meaning, so these results are probably caused by how the 

switch affects the calculation. As mentioned regarding Figure 16, the selectivity is being calculating 

with regards to a compound which is no longer in the input, which could cause these fluctuations. 

A SSITKA run in which half of the CO input is replaced with an inert gas after the switch shows a 

sudden peak in selectivity towards both CH4 and H2O. The maximum selectivity reached was about 30 

instead of 2*1021, but still not fit for physical interpretation. Running a SSITKA simulation with 

increased hydrogen pressure (CO:H2=1:8) doubles the production before the switch from 0.009 to 

0.026 mol/(s*m3). Apparently, the production largely depends on the H* coverage, which was around 

0.2 instead of 0.13 (Figure 19).  
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At 540 K we did not observe the expected peak in methane production after backwards CTKA. We 

repeated the simulation on a set of temperatures ranging from 400 to 500 K. Two residence times 

were tested, the first being 1 s, which was equal for preliminary simulations, and the second being 

0.05 s. The results are depicted in Figure 20 and Figure 21. The plots for show a production peak up 

until T=450K and T=470K for respectively 1 and 0.05 s residence time. We can now notice how much 

the optimum production temperature changes when a CSTR reactor model is involved. The maximum 

production temperature changes from around 530 K to 470 K at 1 s residence time. A sequencerun 

including the CSTR model showed similar results for the maximum production temperature (Figure 

22). In addition, the maximum production for short residence time is much larger. As expected, for 

very low residence times the results of a CSTR sequencerun seem to approach the results found 

without a reactor model.  

 

Figure 20 Production after 12CO/H2 to H2 switch with 1 s residence time at temperatures ranging from 400-500K. 540K is 
added for comparison. For T = 400 to 450 K we can observe a production peak after the switch. Maximum production is 

reached at T=470K. 
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Figure 21 Production after 12CO/H2 to H2 switch with 0.05 s residence time at temperatures ranging from 400-500K. 540K is 
added for comparison. For T = 400 to 470 K we can observe a production peak after the switch. Maximum production is 

reached at T=480K. 

 

Figure 22 Production from a CO/H2 sequencerun with CSTR reactor model for residence times 1 and 0.05 ss. Optimum 
production temperature is around 460 K for 1 s and 500 K for 0.05 s residence time. 

The coverages corresponding to these two sequenceruns are depicted in Figure 23. The production 

peak is larger for lower temperatures, which corresponds to high CO coverage. According to Chen 

[12, p. 51] the amount of additional CH4 obtained during backward CTKA is nearly equal to the 
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amount of CO adsorbed to the surface. Although we did not compare the amounts found in our 

results, we do observe the production peak for temperatures slightly lower than maximum 

production temperature and it does seem to be related to the CO coverage. Another notable feature 

of these coverage plots is the presence of oxygen. Both graphs show some oxygen and OH on the 

surface and the amount of oxygen species is higher for high residence times. To clarify these results, 

we checked the conversion for 0.01 s residence time. As expected, conversion of CO was slightly 

higher than conversion of H2, but neither exceeded 0.003. Hence, even for low conversion some 

backflow occurs within the oxygen hydrogenation pathway. Finally, we see a clear difference for the 

fraction of empty sites when a CSTR reactor model is included. Figure 9 shows a steady increase of 

free sites with increasing temperature, whereas in Figure 23 the number of empty sites is similar for 

T≥540 K. Apparently the possibility of re-adsorption causes carbon poisoning of the surface at these 

temperatures, which limits the reaction rate. 

 

Figure 23 Coverages for a CO:H2=1:4 sequencerun including a CSTR reactor model with 1 (above) and 0.05 (below) s 
residence time. Maximum production at T=460 and T=500 K for respectively 1 and 0.05 residence time. There is O* and some 

OH* present at the surface. The amount of oxygen species is higher for 1 s residence time. 
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Based on these results we could perform additional SSITKA simulations to investigate the behaviour 

at maximum production temperature according to the runs including a reactor model, as opposed to 

the maximum production temperature excluding the reactor model. 

4.3 HOW TO CREATE THE C2 INPUT FILE 
Since the ultimate goal is to describe the Fischer-Tropsch mechanism on the Co B5-site in detail, we 

would like to perform simulations on a network of ERS’s that produces C2+ hydrocarbons. However, 

the total number of ERS’s on the surface with all deuterium isotope variants is around 200 for C2. 

Calculating all these reaction parameters by hand is time-demanding and, more importantly, subject 

to mistakes. Therefore, we would like to automate the process of calculating the reaction rate 

constant parameters of surface reactions towards C1 and C2 isotopes.  

A schematic depiction of the steps the algorithm should perform is shown in Figure 24. The input of 

the algorithm will be a set of elementary reaction steps and the accompanying components of the 

initial and final state. The program should find the OUTCAR files for the TS and the components of 

the IS and FS of an ERS. From these OUTCARS, the E0, ΔEZPE and Qvib of the IS, TS and FS are 

calculated. This process is looped over the different isotope variants of an ERS and over all ERS’s, 

resulting in a list of ERS’s with the accompanying Arrhenius parameters as the output of the program.  

 

Figure 24 Schematic representation of algorithm for generating Arrhenius parameters of Fischer-Tropsch ERS’s from DFT 
data (OUTCARs) 

The difficulty of this program lies within determining which atoms of an OUTCAR need to undergo a 

mass change (command getfreq.py -e -H -n …) for a specific isotope variant of an ERS. For the 

methanation ERS’s, the atom numbers following this command were determined one by one, using 

chemical intuition and logic. In addition, a manual check was performed to ensure the atoms in the 

IS, TS and FS were connected correctly. For example, substituting atom 49 with an isotope in an 

OUTCAR of the IS corresponds with substituting an equivalent atom, but not necessarily atom 49, in 
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the OUTCAR of the TS.  However, computing these atom numbers and connections is not 

straightforward (Figure 25).  

 

Figure 25 Linking atoms in the IS and FS to corresponding atoms in the TS. The procedure is straightforward for chemists. 
However, a program needs to run through all possible connections before deciding which one is correct. 

Finding the best transformation matrix for linking two chemical connectivity matrices is a NP-

complete decision problem. Any given transformation matrix can be verified quickly, but there is no 

known efficient way to locate a possible solution. This means a program needs to run through all 

possible transformation matrices, verifying every single one of them, before deciding on the correct 

one. The number of possible transformation matrices is given in equation 4.1, with 𝑁𝑇𝑀 the number 

of possible transformation matrices, 𝑁𝐶  the number of carbon atoms and 𝑁𝐻 the number of 

hydrogen or deuterium atoms in the IS/FS or the TS. 

𝑁𝑇𝑀 =  𝑁𝐶! ∙ 𝑁𝐻! (4.1) 

Verifying all 𝑁𝑇𝐶  matrices needs to be done for the IS/FS and TS of every possible ERS, which quickly 

increases the size of the problem for longer hydrocarbons. Since the initial aim of this program is to 

generate a list of ERS’s for only C2 hydrocarbons, one could consider brute forcing this problem. 

However, an algorithm for automatically connecting similar chemical structures does exist (IsoRank) 

[22]. This could be a solution for creating a set of ERS’s for larger hydrocarbons.  

The data structure connecting atoms of IS/FS and TS is a stochastic matrix. The size is N*N, with N the 

total number of atoms in IS, FS or TS. Every row and column has one element with the value 1 

corresponding to the number of the atom in the IS/FS and the number of the equivalent atom in the 

TS. All the other elements are zero. If the 1 is placed on the diagonal of the matrix this means the 

atom number is equal for the IS/FS an the TS. Note that this yields a symmetrical matrix. An example 

can be found in Appendix C. 

The pseudo-code for a program that calculates Arrhenius parameters for ERS’s is depicted below. As 

stated earlier, an algorithm such as IsoRank is necessary to connect atoms in IS/FS and TS.  
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5 CONCLUSIONS 

We investigated the kinetic isotope effect (KIE) of methanation by microkinetic modelling of steady-

state isotopic transient kinetics analysis (SSITKA) experiments. From DFT results of a Co(112̅1) site we 

calculated reaction parameters for deuterium and 13C isotope variants of a set of elementary reaction 

steps that describes the formation of water and methane from syngas on this catalytic site.  

Deuterated surface species are thermodynamically favoured over hydrogenated surface species, 

while the reaction barrier for hydrogenation is slightly lower than for deuteration. Within the syngas 

to methane pathway CO dissociation has the highest energy barrier. Hydrogenation is kinetically 

favoured over deuteration.  

The optimum production temperature for methanation with only hydrogen is 532 K according to our 

microkinetic sequencerun simulations, which complies with experimental conditions chosen for 

methanation. The selectivity towards hydrogen-rich methane isotopes increases with increasing 

temperature, as the selectivity towards hydrogen-rich water isotopes decreases. CO dissociation was 

found to be non-hydrogen assisted over the entire temperature range. At low temperature the rate 

of methanation is mainly determined by CO dissociation, whereas this shifts towards the final 

hydrogenation step of carbon for higher temperature. At temperatures much higher than 532 K 

water formation becomes rate controlling. Selectivity towards methane isotopes is completely 

controlled by the final hydrogenation step, which combined with DRC results leads to the conclusion 

that the first three hydrogenation steps are at pseudo-equilibrium. Oxygen and carbon 

hydrogenation do not seem to be in competition.  

The hydrogen/deuterium switch shows a clear inverse isotope effect for the set of elementary 

reaction steps towards methane at T=540 K. The KIE of 12C/13C was found to be negligible, validating 

our method for calculating reaction rate constant parameters of isotopes. Rate of methanation in 

SSITKA experiments seems to be controlled by hydrogenation of carbon species on the surface. An 

increase of hydrogen in the input with accompanying increase of hydrogen coverage causes a clear 

increase of the production rate. Suddenly lowering the CO input (backward CTKA) yields a peak in 

production for temperatures ranging from 400 to 450 and 470 K with respectively 1 s and 0.05 s 

residence time. The production peak seems to be linked to the CO surface coverage. The 

sequenceruns including the CSTR reactor model show oxygen species on the surface which seems to 

increase with residence time, suggesting backflow within the oxygen hydrogenation pathway. The 

optimum production temperature for methanation seems to lower as the residence time increases.  

Calculating reactor rate constant parameters for isotopes needs to be automated. The main difficulty 

is for the program to connect specific atoms in the initial state or final state with their counterparts 

in the transition state, as this requires chemical knowledge. We wrote a possible pseudo-code for 

generating a set of elementary reaction steps with reaction parameters towards formation of C2+ and 

it will be used to develop an isotope switch feature in MKMCXX.  

The set of elementary reaction steps extended towards C2+ can be used to analyse chain growth 

probability compared to CO consumption and hydrogenation, thus further developing the reaction 

mechanism of Fischer-Tropsch synthesis on cobalt catalysts.  
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8 APPENDICES 

8.1 APPENDIX A: INPUT MKMCXX FOR METHANATION SIMULATIONS 
The same basis was used as an input for all methanation simulations. The start concentration of H2 

and D2, the settings and the SSITKA switch were adapted to match the desired simulation conditions. 

The input file below corresponds to the sequencerun of CO/H2/D2=1:2:2. A # symbol indicates the 

line was commented out. The first input file is given in full (8.1.1). From the other input files, only the 

lines which were adapted with respect to the first one are given. For experiments without 13CO or D2 

the lines contained these compounds can be commented out or deleted. 

8.1.1 MKMCXX input file: SEQUENCERUN CO:H2:D2=1:2:2 
&compounds 

# 

# format: name; isSite?; start concentration 

# 

12CO;  0;   1 

13CO;   0;   0 

H2;  0;  2 

D2;      0;   2 

HD;  0;  0 

H2O;  0;   0 

D2O;     0;   0 

HDO;  0;  0 

12CD4;      0;   0 

12CHD3;     0;   0 

12CH2D2;    0;   0 

12CH3D;     0;   0 

12CH4;      0;   0 

13CD4;      0;   0 

13CHD3;     0;   0 

13CH2D2;    0;   0 

13CH3D;     0;   0 

13CH4;      0;   0 

# surface 

12CO*;   1;   0 

12C*;  1; 0 

12CH*;      1;   0 

12CHO*;     1;   0 

12CDO*;     1;   0 

12COH*;     1;   0 

12COD*;     1;   0 

12CH2*;     1;   0 

12CH3*;     1;   0 

12CHD*;     1;   0 

12CH2D*;    1;   0 

12CHD2*;    1;   0 

12CD*;      1;   0 

12CD2*;     1;   0 

12CD3*;     1;   0 

13CO*;      1;   0 

13C*;       1;   0 

13CH*;      1;   0  
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13CHO*;     1;   0 

13CDO*;     1;   0 

13COH*;     1;   0 

13COD*;     1;   0 

13CH2*;     1;   0 

13CH3*;     1;   0 

13CHD*;     1;   0 

13CH2D*;    1;   0 

13CHD2*;    1;   0 

13CD*;      1;   0 

13CD2*;     1;   0 

13CD3*;     1;  0 

O*;     1;  0 

OH*;     1; 0 

OD*;     1; 0 

H2O*;     1; 0 

D2O*;     1;   0 

HDO*;   1; 0 

H*;   1; 0 

D*;   1; 0 

*;   1; 1 

# 

# 

&reactions 

# 

HK; {H2} + 2{*}  => 2{H*}    ;1e-18;2;88;1e-3;1;84.76e3 ;1 

HK; {D2} + 2{*}      => 2{D*}    ;1e-18;4;88;1e-3;1;86.38e3 ;1 

#HK; {HD} + 2{*}  => {D*}+{H*};1e-18;3;88;1e-3;1;80e3    ;1 

HK; {12CO} + {*}     => {12CO*}  ;1e-18;28;2.8;1e-4;1;129.92e3;1 

HK; {13CO} + {*}     => {13CO*}  ;1e-18;29;2.8;1e-4;1;130.00e3;1 

HK; {H2O} + {*}   => {H2O*}   ;1e-18;18;2;2;1;52.72e3      ;1 

HK; {D2O} + {*}      => {D2O*}   ;1e-18;20;2;2;1;53.83e3      ;1 

HK; {HDO} + {*}   => {HDO*}   ;1e-18;19;2;2;1;53.31e3      ;1 

 

#CO dissociation 

AR; {12CO*} + {*} => {12C*}+{O*} 

;3.14e12;9.92e12e12;99.51e3;101.65e3;1 

AR; {13CO*} + {*}    => {13C*}+{O*}  

;3.10e12;9.84e12;99.61e3;101.76e3  ;1 

AR; {12CO*} + {H*}   => {12CHO*}+{*} 

;1.59e13;1.38e13;99.61e3;30.40e3 ;1 

AR; {12CO*} + {D*}   => {12CDO*}+{*} 

;1.42e13;1.30e13;100.36e3;32.78e3 ;1 

AR; {13CO*} + {H*}   => {13CHO*}+{*} 

;1.58e13;1.37e13;99.62e3;30.42e3 ;1 

AR; {13CO*} + {D*}   => {13CDO*}+{*} 

;1.41e13;1.30e13;100.37e3;32.80e3 ;1 

AR; {12CO*} + {H*}   => {12COH*}+{*} 

;5.15e13;2.22e13;208.03e3;99.61e3 ;1 

AR; {12CO*} + {D*}   => {12COD*}+{*} 

;4.77e13;2.05e13;209.92e3;104.59e3 ;1 

AR; {13CO*} + {H*}   => {13COH*}+{*} 

;5.14e13;2.22e13;208.02e3;99.64e3 ;1 

AR; {13CO*} + {D*}   => {13COD*}+{*} 

;4.76e13;2.06e13;209.91e3;104.63e3 ;1 
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AR; {12CHO*} + {*}   => {12CH*}+{O*} 

;6.46e12;1.24e14;81.73e3;132.86e3 ;1 

AR; {12CDO*} + {*}   => {12CD*}+{O*} 

;6.76e12;1.39e14;81.95e3;133.60e3 ;1 

AR; {13CHO*} + {*}   => {13CH*}+{O*} 

;6.42e12;1.26e14;81.85e3;132.94e3 ;1 

AR; {13CDO*} + {*}   => {13CD*}+{O*} 

;6.71e12;1.39e14;82.07e3;133.68e3 ;1 

AR; {12COH*} + {*}   => {12C*}+{OH*} 

;4.92e12;1.07e13;17.53e3;115.75e3 ;1 

AR; {12COD*} + {*}   => {12C*}+{OD*} 

;4.90e12;1.07e13;17.89e3;116.18e3 ;1 

AR; {13COH*} + {*}   => {13C*}+{OH*} 

;4.91e12;1.06e13;17.67e3;115.83e3 ;1 

AR; {13COD*} + {*}   => {13C*}+{OD*} 

;4.89e12;1.07e13;18.02e3;116.25e3 ;1 

 

# 12C hydrogenations 

AR; {12C*}  + {H*}   => {12CH*} + {*}    ; 

1.18e13;8.38e12;64.38e3;44.15e3    ;1 

AR; {12C*}  + {D*}   => {12CD*} + {*}    ; 

1.00e13;7.41e12;65.59e3;47.49e3    ;1 

 

AR; {12CH*} + {H*}   => {12CH2*} + {*}   ; 

1.47e13;5.61e12;47.23e3;26.26e3    ;1 

AR; {12CH*} + {D*}   => {12CHD*} + {*}   ; 

1.27e13;4.97e12;48.01e3;29.28e3    ;1 

AR; {12CD*} + {H*}   => {12CHD*} + {*}   ; 

1.42e13;5.35e12;46.80e3;25.94e3    ;1 

AR; {12CD*} + {D*}   => {12CD2*} + {*}   ; 

1.23e13;4.83e12;47.60e3;28.70e3    ;1 

 

AR; {12CH2*} + {H*}  => {12CH3*} + {*}   ; 

1.04e13;4.26e12;40.62e3;38.02e3   ;1 

AR; {12CH2*} + {D*}  => {12CH2D*} + {*}  ; 

9.37e12;3.91e12;41.62e3;41.68e3   ;1 

AR; {12CHD*} + {H*}  => {12CH2D*} + {*}  ; 

9.90e12;4.16e12;40.07e3;37.99e3   ;1 

AR; {12CHD*} + {D*}  => {12CHD2*} + {*}  ; 

8.64e12;3.82e12;41.06e3;41.71e3   ;1 

AR; {12CD2*} + {H*}  => {12CHD2*} + {*}  ; 

9.66e12;3.82e12;39.35e3;37.60e3   ;1 

AR; {12CD2*} + {D*}  => {12CD3*} + {*}   ; 

8.43e12;3.81e12;40.33e3;41.38e3   ;1 

 

AR; {12CH3*} + {H*}  => {12CH4} + 2{*}   ; 

1.16e13;8.32e10;76.05e3;60.90e3   ;1 

AR; {12CH3*} + {D*}  => {12CH3D} + 2{*}  ; 

1.03e13;7.84e10;76.86e3;64.45e3   ;1 

AR; {12CH2D*} + {H*} => {12CH3D} + 2{*}  ; 

1.02e13;7.37e10;75.89e3;60.70e3   ;1 

AR; {12CH2D*} + {D*} => {12CH2D2} + 2{*} ; 

9.09e12;7.07e10;76.71e3;64.36e3   ;1 

AR; {12CHD2*} + {H*} => {12CH2D2} + 2{*} ; 

9.05e12;6.68e10;75.76e3;60.68e3   ;1 
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AR; {12CHD2*} + {D*} => {12CHD3} + 2{*}  ; 

8.07e12;6.50e10;76.57e3;64.32e3   ;1 

AR; {12CD3*} + {H*}  => {12CHD3} + 2{*}  ; 

8.20e12;6.21e10;75.51e3;60.90e3   ;1 

AR; {12CD3*} + {D*}  => {12CD4} + 2{*}   ; 

7.31e12;6.04e10;76.35e3;64.54e3   ;1 

# 13C hydrogenations 

AR; {13C*}  + {H*} => {13CH*} + {*}    ; 

1.17e13;8.32e12;64.38e3;44.12e3    ;1 

AR; {13C*} +  {D*} => {13CD*} + {*}    ; 

9.98e12;7.35e12;65.59e3;47.48e3    ;1 

 

AR; {13CH*} + {H*}   => {13CH2*} + {*}   ; 

1.47e13;5.57e12;47.21e3;26.23e3    ;1 

AR; {13CH*} + {D*}   => {13CHD*} + {*}   ; 

1.36e13;5.35e12;47.99e3;29.28e3    ;1 

AR; {13CD*} + {H*}   => {13CHD*} + {*}   ; 

1.32e13;4.98e12;46.78e3;25.92e3    ;1 

AR; {13CD*} + {D*}   => {13CD2*} + {*}   ; 

1.23e13;4.80e12;47.58e3;28.70e3    ;1 

 

AR; {13CH2*} + {H*}  => {13CH3*} + {*}   ; 

1.03e13;4.23e12;40.57e3;38.03e3   ;1 

AR; {13CH2*} + {D*}  => {13CH2D*} + {*}  ; 

8.99e12;3.89e12;41.57e3;41.81e3   ;1 

AR; {13CHD*} + {H*}  => {13CH2D*} + {*}  ; 

9.89e12;4.13e12;40.02e3;37.99e3   ;1 

AR; {13CHD*} + {D*}  => {13CHD2*} + {*}  ; 

8.63e12;3.81e12;41.02e3;41.73e3   ;1 

AR; {13CD2*} + {H*}  => {13CHD2*} + {*}  ; 

9.58e12;4.08e12;39.31e3;38.05e3   ;1 

AR; {13CD2*} + {D*}  => {13CD3*} + {*}   ; 

8.35e12;3.79e12;40.29e3;41.41e3   ;1 

 

AR; {13CH3*} + {H*}  => {13CH4} + 2{*}   ; 

1.16e13;8.26e10;76.06e3;60.90e3   ;1 

AR; {13CH3*} + {D*}  => {13CH3D} + 2{*}  ; 

1.03e13;7.79e10;76.88e3;64.47e3   ;1 

AR; {13CH2D*} + {H*} => {13CH3D} + 2{*}  ; 

1.02e13;7.31e10;76.08e3;60.89e3   ;1 

AR; {13CH2D*} + {D*} => {13CH2D2} + 2{*} ; 

3.66e13;7.02e10;76.73e3;64.39e3   ;1 

AR; {13CHD2*} + {H*} => {13CH2D2} + 2{*} ; 

9.03e12;6.63e10;75.77e3;60.69e3   ;1 

AR; {13CHD2*} + {D*} => {13CHD3} + 2{*}  ; 

8.05e12;6.46e10;76.58e3;64.36e3   ;1 

AR; {13CD3*} + {H*}  => {13CHD3} + 2{*}  ; 

8.18e12;6.17e10;75.52e3;60.91e3   ;1 

AR; {13CD3*} + {D*}  => {13CD4} + 2{*}   ; 

7.29e12;6.00e10;76.35e3;64.57e3   ;1 

 

# water formation via other site 

AR; {O*} + {H*}   => {OH*}  + {*}   

;1.97e13;5.81e12;88.77e3;76.41e3      ;1 
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AR; {O*} + {D*}   => {OD*}  + {*}   

;1.75e13;5.22e12;90.51e3;81.31e3      ;1 

AR; {OH*} + {H*}     => {H2O*} + {*}   

;2.53e13;1.97e12;122.63e3;54.70e3     ;1 

AR; {OH*} + {D*}  => {HDO*} + {*}   

;2.19e13;1.70e12;123.96e3;59e3     ;1 

AR; {OD*} + {H*}     => {HDO*} + {*}   

;2.46e13;1.88e12;122.44e3;54.59e3     ;1 

AR; {OD*} + {D*} => {D2O*} + {*}   ;2.12e13;1.68e12;123.75e3;59.12e3     

;1 

AR; 2{OH*}   => {H2O*} + {O*}  

;4.53e13;1.19e13;51.46e3;2.89e3       ;1 

AR; 2{OD*}           => {D2O*} + {O*}  

;4.81e13;1.27e13;52.67e3;4.24e3       ;1 

AR; {OD*}+{OH*}  => {HDO*} + {O*}  ;4.74e13;1.23e13;51.84e3;3.34e3       

;1 

# 

&selectivity 

species_balance; {12CO},{13CO};  

{12CD4},{12CHD3},{12CH2D2},{12CH3D},{12CH4}, 

{13CD4},{13CHD3},{13CH2D2},{13CH3D},{13CH4}, 

{H2O},{HDO},{D2O} 

&settings 

PRESSURE = 20 

KEYCOMPONENTS = {12CO},{13CO} 

TYPE = SEQUENCERUN 

SOLVERTYPE = 1 

DEBUG = 1 

USETIMESTAMP = 1 

GRAPHDATA = 1 

NPAR = 12 

GNUPLOT = 0 

DRC = 1 

#CSTR = 1 

#JACOBIAN = 0 

#CSTR_RES = 1 

#CSTR_LOAD = 1 

 

&runs 

#Temp;time;rel.tol.;abs.tol. 

420;1e2;1e-12;1e-12 

440;1e2;1e-12;1e-12 

460;1e2;1e-12;1e-12 

480;1e2;1e-12;1e-12 

500;1e3;1e-12;1e-12 

520;1e3;1e-12;1e-12 

540;1e3;1e-12;1e-12 

560;1e3;1e-12;1e-12 

580;1e3;1e-12;1e-12 

600;1e2;1e-12;1e-12 

620;1e2;1e-12;1e-12 

640;1e3;1e-12;1e-12 

660;1e3;1e-12;1e-12 

680;1e2;1e-12;1e-12 
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8.1.2 MKMCXX input file: SEQUENCERUN CO:H2=1:4 
&compounds 

H2; 0;  4 

D2;   0;   0 

8.1.3 MKMCXX input file: SEQUENCERUN CO:D2=1:4 
&compounds 

H2; 0;  0 

D2;   0;   4 

8.1.4 MKMCXX input file: SSITKA 12CO/H2→
12CO/D2 

&compounds 

12CO;   0;   1 

13CO;   0;  0 

H2; 0; 4 

D2;      0;   0 

&settings 

KEYCOMPONENTS = {12CO} 

TYPE = SSITKA 

CSTR = 1 

JACOBIAN = 0 

CSTR_RES = 1 

CSTR_LOAD = 1 

# 

&runs 

#Temp;time;rel.tol.;abs.tol. 

530;1e3;1e-12;1e-12 

540;1e3;1e-12;1e-12 

550;1e3;1e-12;1e-12 

# 

&ssitka_before_switch 

{H2};  4 

{D2};  0 

{12CO};  1 

#{13CO}; 0 

&ssitka_after_switch 

{H2};  0 

{D2};  4 

{12CO};  1 

#{13CO}; 0 

8.1.5 MKMCXX input file: SSITKA 12CO/H2→
13CO/D2 

&compounds 

12CO;   0;   1 

13CO;   0;   0 

H2; 0; 4 

D2;     0;   0 

&settings 

KEYCOMPONENTS = {12CO},{13CO} 

TYPE = SSITKA 

CSTR = 1 

JACOBIAN = 0 

CSTR_RES = 1 

CSTR_LOAD = 1 

# 
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&runs 

#Temp;time;rel.tol.;abs.tol. 

530;1e3;1e-12;1e-12 

540;1e3;1e-12;1e-12 

550;1e3;1e-12;1e-12 

# 

&ssitka_before_switch 

{H2};  4 

{D2};  0 

{12CO}; 1 

{13CO}; 0 

&ssitka_after_switch 

{H2};  0 

{D2};  4 

{12CO}; 0 

{13CO}; 1 

8.1.6 MKMCXX input file: SSITKA 12CO/H2→H2 
&compounds 

12CO;    0;  1 

13CO;   0;   0 

H2;  0; 4 

D2;      0;   0 

&selectivity 

species_balance; {12CO}; {12CH4},{H2O} 

&settings 

KEYCOMPONENTS = {12CO} 

TYPE = SSITKA 

CSTR = 1 

JACOBIAN = 0 

CSTR_RES = 1 

CSTR_LOAD = 1 

# 

&runs 

#Temp;time;rel.tol.;abs.tol. 

500;1e5;1e-12;1e-12 

510;1e5;1e-12;1e-12 

520;1e5;1e-12;1e-12 

530;1e5;1e-12;1e-12 

540;1e5;1e-12;1e-12 

550;1e5;1e-14;1e-14 

&ssitka_before_switch 

{H2};  4 

{12CO}; 1 

&ssitka_after_switch 

{H2};  5 

{12CO}; 0 

8.2 APPENDIX B: SEQUENCERUN METHANATION DSC BAR CHARTS 
The bar charts below show the DSC analyses for isotopes of all methanation products. Figure 26, 

Figure 27 and Figure 28 are DSC analyses of water isotopes formation, whilst Figure 29, Figure 30, 

Figure 31, Figure 32 and Figure 33 are for CH4 isotopes. Hydrogenation steps of carbon do not appear 
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in the DSC of H2O isotopes, suggesting oxygen and carbon hydrogenation do not compete. The DSC 

analyses for CHxDy all show selectivity is completely controlled by the fourth hydrogenation step. 

 

Figure 26 DSC analysis for H2O formation in sequencerun CO:H2:D2. 

 

Figure 27  DSC analysis for D2O formation in sequencerun CO:H2:D2 
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Figure 28  DSC analysis for HDO formation in sequencerun CO:H2:D2

Figure 29  DSC analysis for CD4 formation in sequencerun CO:H2:D2. ERS’s CH2D*+D*<->CH2D2 + 2* and CH3*+D*<->CH3D* + 
2* are not shown in this figure.
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Figure 30 DSC analysis for CHD3 formation in sequencerun CO:H2:D2 

 

 

Figure 31 DSC analysis for CH2D2 formation in sequencerun CO:H2:D2 
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Figure 32 DSC analysis for CH3D formation in sequencerun CO:H2:D2 

 

Figure 33 DSC analysis for CH4 formation in sequencerun CO:H2:D2 
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An example of a connectivity matrix for an IS/FS and TS with four atoms is depicted below. In this 
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8.4 APPENDIX D: NETWORK GRAPH FOR GENERATION OF C2 AS CONSTRUCTED WITH CHEMTREE 
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8.5 APPENDIX E: LIST OF SYMBOLS 
Symbol Name Value Unit 

h Planck constant 6.2606957∙10-34 J∙s 

kB Boltzmann’s constant 1.3806488∙10-23 J∙K-1 

ħ Reduced Planck constant h/(2π) J∙s 

R Gas constant 8.3144621 J∙K-1∙mol-1 

c Speed of light 2.99792458∙108 m∙s-1 

t Time - s 

ℋ Hamiltonian operator - - 

𝜓  - - 

N Number of particles - - 

E Energy - J 

V Volume - m3 

G An observable macroscopic property - - 

P Probability - - 

𝑛�̅� Number of particles in state i (Maxwell-
Boltzmann distribution) 

- - 

𝑔𝑖 Statistical weight of the volume in phase space - - 

𝑓 Molecular partition function - - 

ϵi Energy per state - J 

m Mass - kg 

T Temperature - K 

ω Vibrational frequency - s-1 

𝐼 Moment of inertia about an axis perpendicular 
to the molecular axis passing through the 
centre of mass of the molecule 

- kg∙m2 

k Reaction rate constant - - 

ν Frequency at which species cross the potential 
energy barrier 

- s-1 

K Equilibrium constant - - 

Q Product of vibrational partition functions - - 

Q’ Product of vibrational partition functions if the 
imaginary part of the vibrational partition 
function is separated out 

- - 

p Pressure - bar 

A Area of a surface site - m2 

σ Symmetry number - - 

θrot Characteristic temperature for rotation h2/(8π2IkB) K 

ν/νf/νb Pre-factor of Arrhenius equation, subscript f = 
forwards, subscript b = backwards 

- s-1 

Eact/Ea,f/Ea,b Activation energy of Arrhenius equation - J∙mol-1 
𝐻𝑖𝑗 Hessian matrix with i columns and j rows - eV∙Å-2 

 �̂� Mass-corrected Hessian matrix - s-2 

M Molar mass - kg∙mol-1 

�̅�𝑖 Vibrational frequencies - cm-1 

√𝑘𝑖/𝜇 Vibrational frequency - s-1 

𝜇 Corrected mass MiMj/(Mi+Mj) kg 

ΔEZPE Zero-point energy difference - J 

EZPE Zero-point energy corrected energy - J 
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𝜒𝑖  Degree of rate control for ERS i ∑ 𝜒𝑖

𝑖

= 1 - 

𝜖𝑖,𝑐 Degree of selectivity control of ERS i on 
compound c 

∑ 𝜖𝑖,𝑐

𝑖

= 0 - 

𝜂𝑐 Selectivity towards compound c - - 

θ Residence time - s 

 


