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Preface

This book started out as two separate documents. One was a set of exercises for the
Advanced Thermodynamics and Catalysis course and the other was a method and theory
section at that time envisioned for my PhD thesis. Only a very small part of the material in
this book eventually made it into the thesis, as the whole would be much too elaborate!

Since I started out in 2010 as a teaching assistant for the Advanced Thermodynamics and
Catalysis course, I have been collecting useful questions to prepare the students for the final
examination. And as is well known, if you give students questions, they demand answers in
the form of detailed solutions. I believe in learning by example, so I was more than happy
to write these solutions down on paper and I have spent many evenings behind my laptop
typing the solutions in BIEX.

At the end of 2015, I was appointed as an assistant professor (tenure track). I was asked
to take over the Advanced Thermodynamics and Catalysis course from Prof. Emiel Hensen,
which I happily accepted. I changed the learning goals a bit to adopt my current research into
the educational track. As a result, I had to come up with new lecture materials and I decided
to bundle everything I made so far: the questions and solutions, the (envisioned) theory and
method section for my thesis and the notes I made when I followed the kinetics course when I
was a student. The result was a monster! My writing style had obviously changed significantly
over the years and there was no clear story. Thus I spent the following two years rewriting the
text.

In 20106, a draft version only containing a set of useful exercises and solutions were given
to the students to practice. In 2017, the first version of the book was ready and about one
hundred copies were printed and given to the second year Bachelor students as lesson material.
I found out that students are really marvelous proofreaders. They will point out every little
mistake, whether it is a spelling mistake or a miscalculation. In these two years, I received
about 500 corrections. The current version is yet another iteration further down the road and
my intention is to continuously update and improve the material in this book.

Within this book, I will elaborate on the connection between the smallest quantum scale
and the larger macroscopic scale, providing a theoretical framework on which many kinetic
studies in heterogeneous catalysis are based. I will focus on the underlying quantum chemical
mechanism leading to the observed overall rate laws in chemistry and process engineering.

This book is organized in several chapters. I will start by introducing general kinetics
and the equations governing the rate of change in chemical composition. Next, a statistical
approach is formulated to deduce macroscopic observables from the constituting quantum
chemical properties by means of averaging over many states. Energy, temperature and
pressure are defined as our important parameters and we show how these concepts are
connected with observables such as chemical composition in equilibrium as well as the
chemical kinetics leading to these equilibria. Finally, we explain how the above-mentioned
concepts can be used within the framework of microkinetic modeling in a predictive and
illustrative manner to gain insights in how real-life catalytic processes work.

All chapters have exercises to help you practice with the lesson material. Solutions are
provided in the appendix as well as more challenging exercises at the same difficulty as what



can be expected on the final exam.

Since I am not a native English speaker, there is always the chance that I have used some
odd grammatical structures or made (despite the careful proofreading of many students and
myself) spelling errors. Feedback is thus always very welcome and I invite you to deliver it by
e-mail to i.aw.filot@tue.nl. Any useful comment will result in your name being mentioned
in the acknowledgment section (of course, with your permission).

I sincerely hope this book is useful to you and provides you with a more in-depth under-
standing of the beautiful field of (micro-)kinetics!

Ivo Filot Eindhoven, 3oth March 2018

Preface to version 1.5

With version 1.5, we have modified the book quite a bit. First of all, we got a lot of
constructive feedback on the lay-out of the book. It was hard to see where a question or
exercise would start or end. Evidently, the solutions to the exercises suffered from the same
problem. We have changed the lay-out in such a way that the exercises and questions are
clearly highlighted in the book, which hopefully makes it easier to find what you are looking
for. While we were at it, we also added tabs on the sides of each page so you can efficiently
find the chapter you are looking for.

Note that I have been saying we, instead of I. In the past three months, I have been
receiving a lot of help from Tom van den Berg, who has been working on Chapter 5 of the
book. In Chapter 5, a hands-on tutorial to use MKMCXX will be given. This was previously the
purpose of Chapter 4, yet it felt short in the sense that it did not provide sufficient explanation
in how to set-up such simulations from scratch. As such, Chapter 4 has been adapted to
explain the algorithm behind microkinetic simulations using a series of simple Python scripts
and Chapter 5 now deals to performing simulations using MKMCXX. Tom has also made
a series of exercises to help the student practice using MKMCXX. We hope that these are
beneficial to your understanding of the topic.

Finally, a lot of spelling, grammar, and other kinds of errors have been resolved on the
basis of the feedback of a lot of people. As is traditional, the list of students can be found on
the acknowledgment page. Enjoy the revision of the book and please keep sending in any
questions and comments you might have!

Ivo Filot Geldrop, 24" December 2018



Acknowledgements

This book was not possible without the help of some very talented people. First of all, I
need to mention Prof. Emiel Hensen and Prof. Hans Niemantsverdriet. These two excellent
teachers gave the Catalysis and Kinetics course (Reactiekinetiek en Katalyse) when I was a
young Bachelor student. I fondly remember the enthusiasm of Prof. Hensen and the very
pedagogically correct learning style of Prof. Niemantsverdriet. During my PhD studies, I
helped out as a teaching assistant for the kinetics course. In this period, I wrote many of the
solutions to the questions which are embedded in this reader. These solutions were used and
corrected by Remco Lancee, Alessandro Coumans and Lennart van Haandel. Often, Lennart
offered alternative solution strategies to the questions, which I found very helpful.

When I became the teacher for the kinetics course, I was lucky to have very dedicated
teaching assistants on my side as well. I wish to thank Bart Zijlstra, Robin Broos, Evert van
Noort and Jasper Bouwman for helping out with the supervised self-study lessons. Michel
van Etten not only helped out, but was also willing to host a couple of lectures when I was
unavailable, which is highly appreciated. I also should mention that Tobias Kimpel was always
available to step in when we needed an extra hand.

Last but not least, I wish to mention all of the students and colleagues who helped me in
any way with improving this reader, whether it was by mentioning errors, offering suggestions
or pointing out difficult parts:

+ Class of 2014/2015: Marle Vleugels, Lisa Struik, Martin van Son.

« Class of 2015/2016: Jasper Bouwman, Camiel Steffanie, Remco Fijneman.
« Class of 2016/2017: Steven Kuijpers, Teun Nevels.

« Class of 2017/2018: Luuk Kempen, Stefan Zondag.

« Class of 2018/2019: Vera Crommentuijn, Jeroen Vennix, Cynthia Struijk, Stacey Fun,
Lisa Cattenstart, Frank van Hertrooij, Nico van Rijswijk, Danny van den Eertwegh, Job
Nijhuis.

« Colleagues: Kevin van Eeten, Jan Wiesfeld.

Do you miss your name in the list, but did you provide me with some feedback? Please let me
know!



Table of Contents

Time-evaluation of a single elementary reactionstep. . . . . .. ... ... ... ....

Rate-determining step and overall reactionrate . . . . . ... ... .. ... ......

. .
Kinetics ..................
11 Introduction
1.2 The rates of reactions
1.2.1
1.2.2 Sequential elementary reaction steps . .
1.3 Chain reactions
1.4 Catalytic reactions
1.4.1 Langmuir adsorption isotherms . . . .
1.5 Reaction mechanisms in catalysis
1.5.1 Potential energy diagram . . . . . . ..
1.5.2
1.5.3 Reactionorders . . . . ... ... ...
1.5.4 Apparent activation energy . . . . . ..
1.6 Questions and Exercises
1.6 Exercises . . . . ... ... ... ...

Transition State Theory .

2.
2.2
23
2.4
2.5
2.6

2.6.1
2.6.2
2.6.3
2.7
271
2.7.2
2.7.3
2.8

2.8.1

2.8.2

Introduction

Statistical method
Maxwell-Boltzmann distribution law
Partition functions of subsystems
Thermodynamic variables

Partition functions for molecules
Translations . . . . ... ..... ...
Vibrations. . . ... ... .. .....
Rotations . . . . . .. ... ... ...
Collision theory

Maxwell-Boltzmann velocity distribution
Collision effectiveness . . . . ... ..

Unimolecular reactions . . . . . . . ..

Transition state theory

Comparison between Transition State Theory and Collision theory . . . . . . .. ... ..

Fundamental objection against collisiontheory . . . . . ... ... . ... ... ... .



TABLE OF CONTENTS

2.9 The potential energy surface 63
2.10 Dimensionality of equilibrium constants and reaction rate constants 65
2m Questions and Exercises 67
2.1 Questions . . . .. 67
2.11.2 Exercises . . . . . . L 67
2312 Challenges 7
Elementary Reaction Steps ....................... 75
3.1 Introduction 75
3.2 Adsorption 76
3.3 Desorption 78
3.4 Surface reactions 78
3.5 Hindered rotors 79
3.6 Final remarks 8o
3.7 Questions and Exercises 81
371 Questions . . . L e 81
3.7.2 EXercises . . . . . .. 81
Microkinetic Modeling ............................ 8
4 Introduction 83
4.2 Microkinetic modeling of a simple catalytic reaction 84
4.2 Unimolecular catalytic reaction . . . . . . .. . ... L Lo 84
4.2.2 Bimolecular catalyticreaction . . . . . ... ... L L Lo 90
4.3 Reaction orders 94
4.4 Apparent activation energy 96
4.5 Degree of rate control 99
4.6 Degree of selectivity control 101
4.7 Comparison with Langmuir-Hinshelwood kinetics 101
4.8 Questions and Exercises 106
4.8.1 Questions . . . .. 106
4.8.2 Exercises . . . . . .. 106

Performing microkinetics with MKMCXX ... ... 107

5.1
5.2

53
5.3.1
5.3.2
533
5.3.4

Introduction 107
Installation 108
The basic input 108
Compounds . . .. L e 11
Reactions . . . . . . . . . e 112
Settings . . . . . . L 13
Runs . . o e 114



TABLE OF CONTENTS

5-4
5.4.1
5-4.2
54.3
55
5.51
5.5.2
553
5.5.4
5.6

57
5.8

Fundamental Constants

Mathematics ......................... ...
B.a Stirling Approximation

B.2 Gaussian integrals

B3 Taylor expansion for the exponential function

B.4 Geometric series

B.5 Lagrange’s method of undetermined multipliers

B.6 I’Héspital’s Rule

B.7 Matrix diagonalization

B.8 Sum of degree of rate control coefficients

Solutions ............. ...,
Ca Solutions of Chapter 1

Caa Solutionstoexercises. . . . . .. ... ... L.
C.2 Solutions of Chapter 2

C.2a Solutions to questions . . . . . ...
C2.2 Solutionstoexercises. . . . . . ... ... L Lo
Cz23 Solutiontochallenges . . . . ... ... ... ... .. ...
C2.4 Challenge: Maxwell-Boltzmann distribution . . . . .. ... ... ..
C3 Solutions of Chapter 3

C3a Solutions to questions . . . . . ... L L L.
C3.2 Solutionstoexercises . . . . . . ...
C.4 Solutions of Chapter 4

C.4a Solutions to questions . . . . . ... L L L
C.4.2 Solutionstoexercises . . . . . . ...
Cs Solutions of Chapter 5

C.51

Kinetic analysis tools

Reactionorder . . . . . ... ... ... ... L
Apparent activationenergy . . . . . ... ... L.
Degreeof ratecontrol . . . .. .. .. ... .. L L.

Data interpretation

Operating temperature and production . . . . . ... ... ... ..
Reactionorders . . . . . ... ... ... L
Apparent activationenergy . . . . . ... ... L.
Degreeof ratecontrol . . . . . .. ... ... .. L L.

Convergence
Numerical versus analytical

Exercises

Solutions to Exercises . . . . . .. ...

114
114

115
16

16
18

119
120
120

121
122

123

127

129

129
130
130
131
131
133
133
134

135

135
135
166
166
166
183
183
186
186
186
189
189
190

192



iv TABLE OF CONTENTS

Exam Practice Questions ........................ 105
Da Explanation 195
D.2 Kinetics 195
D.3 Statistical Thermodynamics 197
D.4 Collision theory 198
D.g Transition state theory 199
Exam Question Solutions ........................ 201
Ea Introduction 201
E.2 Kinetics 201
E.3 Statistical Thermodynamics 204
E.4 Collision theory 207
E.5 Transition state theory 208

MKMCXX ... an

Fa Settings 2n

F.2 Troubleshooting 2n



o«
w
=
o
<
=
(6]
o

11

CHAPTER

KINETICS
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Introduction

Kinetics is part of the science of motion. It deals with the rate of chemical reactions and
treats chemistry from a dynamic viewpoint. The counterpart of kinetics is thermodynamics,
which deals with the static point of view on chemistry. Thermodynamics is interested in the
initial and final states of a system. Within kinetics, the mechanism whereby the system is
converted from one state to another and the time wherein this process occurs is described.
Thermodynamics deals with equilibria, whereas in kinetics equilibrium is a special situation
wherein the forward and backward rates are equal to each other. As such, kinetics can be seen
as a more fundamental science than thermodynamics. Unfortunately, the complexities that
occur within the kinetic treatment of chemistry are such that it is difficult to always apply
it with large accuracy and sometimes we find that for a more accurate treatment of certain
properties, thermodynamics gives the more accurate answer.
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Underlying both kinetics and thermodynamics are more fundamental theories such as
statistical mechanics and quantum chemistry. The quantum description of matter is only valid
at the smallest length and time scales and the description of large ensembles of particles over
extended periods of time require a statistical description. Hence, kinetics and thermodynamics
are the result of the merge between statistical mechanics and quantum chemistry.

In this chapter, we will start with a detailed description on kinetics with a strong focus on
the description of dynamic processes within heterogeneous catalysis. This chapter serves as an
overview and sets the stage for the contents of Chapter 2, where we zoom in on a fundamental
aspect within kinetics which is the elementary reaction step. In Chapter 1, the elementary
reaction step is considered as the fundamental building block within a kinetic mechanism,
and in Chapter 2, we elaborate on the quantum chemical and statistical foundations of the
elementary reaction step.

At the end of this Chapter, you should have a conceptual understanding of what chemoki-
netic networks are and how we can describe these in terms of elementary reaction steps. You
are able to construct overall rate expressions for typical chemical processes and derive such
expressions on the basis of a reaction mechanism. Finally, you will be able to express the
dependence of these rate expressions on important boundary conditions such as temperature
and pressure.

The rates of reactions

Consider a chemical reaction between molecules A and B that give products C and D according
to the following reaction equation

kt
vaA+ vy B = vcC +vyD. (r.1)
P

Herein, vy is the stoichiometric coefficient of component X and k+/— are the forward and
backward rate constants. The rate of a chemical reaction can hence be defined as either the
rate of disappearance of the reactants or the rate of formation of the products in the following
fashion:

1 d[A] 1 d[B] 1 d[C] 1 d[D] (1.2)
r—_—-—-—- e —_-— MY — — - = — = = ——— .
Ve dt v, dt ve dt vy dt

where [X] is the concentration of component X and r is the reaction rate. Expression 1.2
should only be used for so-called elementary reaction steps. A detailed discussion on what
exactly entails an elementary reaction step is given further on in this book?, but for the time
being it is sufficient to know that an elementary reaction step is a chemical reaction in which
one or more chemical species react directly to form products in a single reaction step and
with a single transition state.

An alternative way to define such an elementary reaction step is given by

Rj: Q> viX; b (1.3)
%

*A detailed description of an elementary reaction step is provided in section 2.9.

& CHAPTER 1
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When v; is negative, compound Xj; is a reactant. On the other hand, when v; is positive,
compound X; is a product of the reaction. Using the same notation, equation 1.1 is given by

Ry Z v; X p = {—uaA — B+ vcC + I/dD} . (1.4)
i
The general rate expression for an elementary reaction step is then defined as

1 d[X;
rj:—M,forizl,Q,...,n (r.5)
v; dt
Note that the above considers the rate of a single chemical reaction. Often, we simply wish
to know the rate of chemical change of a particular compound. From the general definition,
the rate of change of a single compound in a single elementary reaction step is then given by

S [T a7 &= IT x| (r.6)
dt v; <0 v; >0

For example, the rate of change of compound A in equation 1.1 would be

diA] _
— =

ra= va (KFIAPA B — k7 [C17 (D7) (17)

And in a similar fashion, for product C we would obtain the following rate expression

d[C] _
ro =" g =vo (KHAPA[B)S — k= [C]e (D). (r.8)
Clearly, the part between the parentheses of equations 1.7 and 1.8 stays the same for each
compound in the reaction. Hence, we can define the reaction rate of a compound within an
elementary reaction step as follows

Ty = VgTj. (19)

This equation should not come as a surprise as it is basically a rewritten version of equation
1.5. Furthermore, from the above equations, it should be apparent that r; can be written as

ri= kT [T X7 =k~ I X7 |- (1.10)

v;<0 v; >0

Thus, we have formally defined how to construct the reaction rate expression of a single
elementary reaction step and of a compound inside such a step given the stoichiometric coef-
ficients and concentration of the compounds and the reaction rate constant of the elementary
reaction step. The thing that remains is a motivation why we use an expression such as 1.10
to calculate the rate of chemical change.

A chemical reaction between compounds A and B can only occur when A and B meet each
other in a chemical mixture. If we consider a tiny volume inside the mixture, the probability
that compound A is inside that volume is directly proportional to the number density of A
inside that volume. This number density is typically expressed as a concentration. In line
with this reasoning, the probability of A and B being in the same volume is proportional to
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the product of the concentration of A and B. Hence, we see in formula 1.10 the product of the
concentrations of all compounds on either side of the elementary reaction step.

This leaves us with a motivation for the reaction rate constant k. Whether or not a reaction
event occurs does not only depend on whether A and B find each other in a chemical mixture.
It is for instance also affected by the particular orientation of A and B with respect to each
other or the (kinetic) energy of the compounds. Hence, the term k reflects the chance that a
meeting of A and B results in a chemical reaction event.

For now, we simply use k as some given constant, but later in this book, we will pro-
vide a detailed discussion how the value of k can be calculated on the basis of statistical
thermodynamics and quantum chemistry.?

1.2.1 Time-evaluation of a single elementary reaction step

Equation 1.6 is an ordinary differential equation which can be integrated over time to obtain
an expression for the concentration of [X] as a function of time. For simple ordinary dif-
ferential equations, analytical solutions can be constructed. Here, we show an example
on the procedure. For more complex chemical systems, we have to resort to numerical
approximations using a procedure known as microkinetic modeling. This is the topic of

chapter 4 of this book.
For now, assume we have the following simple unimolecular elementary reaction step,
given by
+
A \k: B. (1.11)

Let us further assume that k&t >> k—. In other words, the reaction from A to B is
considered to be irreversible3 In that scenario, we can rewrite the above equation to

A— B. (1.12)

This gives us the following differential equations4 for compounds A and B

rA = % = —k[A] (r.13)
rp= 90—k (.14)

To solve this system of ordinary differential equations, we need to have two initial values
for [A] and [B] at time ¢ = 0. For simplicity, let us assume that [A];—¢ = 1 and [B];—g = 0.

?See section 2.8 on 59 and further.

3This is termed the irreversibility assumption and is denoted by a single arrow within the reaction equation. In some
situations, the reversibility of a reaction is taken into account but described by separate forward and backward reactions.
In the text we will make clear which of the above options is used.

4Note that we have replaced k™ by k for simplificity.

& CHAPTER 1
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Thus we obtain the following expression for A

% = —k[4] (1.15)
% =—k dt (1.16)
(Al q[a] t
Joa T =y 7
In[A]¢ — In[A]g = —kt (I.Ig)
(A ) _

In (Mh)) = —kt (1.19)
[Als = [A]o exp (—kt) (1.20)

[A]; = exp (—kt) (1.21)

and similarly, the following expression for B

% = k[A] (1.22)

% = kexp (—kt) (1.23)

d[B] = kexp (—kt) dt (1.24)

/[B]t d[B] = k/t exp (—kt) dt (1.25)
[Blo 0

(Ble - (Bl = b (=L 22 ) (1.26)

[B]lt =1 —exp(—kt). (1.27)

1.2.2 Sequential elementary reaction steps

The product of one elementary reaction step can be the reactant of another elementary reaction
step. From this, we can easily envision series of connected elementary reaction steps. For
example, consider the overall transformation from some particular reactant R to product P.

R—P (1.28)

that proceeds via the following elementary reaction steps

RS A (1.29)
As (1.30)

= (.31)
CSP. (r.32)

Note that all elementary reaction steps considered here are unimolecular. If we assume
that these reactions mainly operate in the forward direction (i.e. ky >> k), then we can
analytically derive the expression for the following overall reaction rate.

For each compound in our system, we can construct a differential equation from the rate
expressions. That is,
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L (1.33)

% = ¥[R] - K'[A] (:34)

% = K/[A] - ¥'[B] (r:35)

% — ¥'[B] - ¥[C] (1:36)

& v (137)

(r38)

In a similar fashion as the previous section, we obtain a set of ordinary differential
equations, which is also called a system of ordinary differential equations. This system is
somewhat more complex than the previous system, but it can still be integrated analytically.
For simplicity, let us assume that the initial values are as follows: [R](¢ = 0) = 1 and all other
concentrations at ¢ = 0 are zero.

Let us introduce some additional terminology. The set of all possible concentrations c; is
termed the phase space of the system. Here, this space is defined by

c; €10,1] (1.39)

and

Zci =1 (1.40)

Integration in time of the differential equations is then called propagation in phase space.
The trajectory is the path in phase space corresponding to this time-integration.

The derivation of the analytical expression goes beyond the scope of this book, but the
interested reader may consult any engineering mathematics book.> The methodology that we
have used to obtain the solution was by using the so-called Laplace transformation.[1] The
result is:

[R] = exp (—K't) (1.41)
[A] = k't - exp (fk’t> (1.42)
8] = 5 (K1)? - exp (') (1.43)
(0 = 20D - exp (~K't) (1.44)
[P] =1 — exp (—k’t) (1 T K+ %(k't)Q + é(k't)?’) (1.45)

The concentration as a function of time is depicted in Figure 1.1. In this graph, ¥’ =1
s~1. From this Figure, it can be seen that the concentration of B increases at a slower rate
than the concentration of A and that the concentration of C increases at a slower rate than the
concentration of B. This is of course logical. Each subsequent species in the kinetic network
has to overcome an additional barrier that slows the rate of formation. Despite these barriers,

& CHAPTER 1
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1.0 A

0.8

0.6

0.4

Concentration in mol/I

0.2 A1

0.0 A

Time tins

Figure 1.1: Concentration as a function of time. Att = 0, Ri—o = 1. The system converges to the final result
where P = 1 att — oo.

the final product P is still formed, because the reactions were considered irreversible. The
driving force in this system is thus the strong negative enthalpy of the reaction.

Conclusively, we have seen how to construct a system of ordinary differential equations
from a set of sequential elementary reaction steps. By setting appropriate initial conditions,
we were able to integrate this system over time.

The above example also illustrates another important concept. In equation 1.6, we formu-
lated the rate of change for a single molecule in a single elementary reaction step. Here, we
have shown the situation wherein compound X takes part in multiple elementary reaction
steps. In such scenarios, the rate of change of compounds X is simply the sum of all the rates
of change of all elementary reaction steps wherein compound X takes part:

d[X
% = veiri (1.40)

where vx ; is the stoichiometric coefficient of compounds X in elementary reaction step
i and r; is the reaction rate of elementary reaction step <. Note that if compound X is not
involved in reaction step i, vx ; is equal to zero and hence r; does not contribute to the rate
of change of compound X.

Combining the above equation with equation 1.10 leads to the general expression for the
rate of change of compound X in a chemokinetic network:

B o> v [+ T — 5 L) |- (t47)

7 v; <0 v; >0

5A good source is Advanced Engineering Mathematics from Erwin Kreyszig.
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The steady state approximation
The procedure shown in the previous section is a powerful approach to understand the time-
dependent behavior of a chemical network. The major drawback of this approach is that
when the system of ordinary differential equations cannot be solved analytically, we have to
resort to numerical approximations. Although the system used in the previous session could
be solved analytically, this tends to be more of an exception than a rule. Here, we wish to
introduce a powerful assumption, known as the steady state assumption, that helps us to
obtain analytical expressions for systems of ordinary differential equations. In turn, these
analytical expressions help us to evaluate the complex kinetic behavior.

Let us consider the following overall reaction®, which relates to the decomposition of
ozone.

20; — 30, (1.48)

The above overall reaction is a chemokinetic network which can be represented by two
elementary reaction steps as shown below.

k
0, =+ 0,+0 (1.49)
0+0, LN 20, (1.50)

Let us for simplicity assume that both these reactions are irreversible, i.e. they only
proceed in the forward direction. The three differential equations that describe the rate of
change of all compounds in the network are given by

d[Oo

B kilo,) - kalollo, (k51
20— k110y] - kafolloy) (v52)
Ol  410,] + 2ms00]10, (1.53

We can solve the above system of ordinary differential equations numerically by providing
initial value conditions, but an alternative method to gain insight in the network is to construct
an overall rate expression. To obtain a simple analytical expression for the rate of production
of oxygen from ozone, we apply an assumption. The assumption we are going to apply is
the steady state approximation. This approximation assumes that the rate of change of one
particular compound is equal to zero. The motivation for this assumption is that the particular
compound for which the approximation is applied is much more reactive than the other
compounds in the network in such a way that its change in concentration over time is zero. It
makes sense to apply this assumption to O as an oxygen radical is known to be very reactive.
This leads to the following expression

9O — ka10,) ~ kaloliog] = 0 (t54

Solving the above equation for [O] gives

[0] = % (1.55)

6 An overall reaction is a general kinetic expression that conveys the reactivity of one or more elementary reaction
steps and reflects the stoichiometry of the overall process.
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Inserting this result back into equation 1.53 results in

d[0,]
dt

= 3k’1[03]. (156)

The above expression emphasizes another important point. We mentioned that equation
1.48 was an overall reaction. Had we treated it as an elementary reaction step, then we could
readily derive the following differential equation for the rate of change in 0,:

d[o,]
dt

= 3k[0,]%. (r57)

Clearly, equations 1.56 and 1.57 are inherently different and lead to significantly different
kinetics. This simple example illustrates a very important concept in kinetics. An overall
reaction only expresses the stoichiometry (i.e. the mole balance) between the reactants and
the products of a chemical process, but it cannot tell us a priori anything about the rate of
change at which the process takes place (i.e. the kinetics). In contrast, the set of elementary
reaction steps that constitute the process does not only allow us to investigate the kinetics of a
reaction, but it is also a detailed representation of the reaction mechanism.

Chain reactions

A chain reaction is a sequence of elementary reaction steps wherein a reactive product, for
instance a radical, causes additional elementary reaction steps to take place. An illustrative
example is the reaction between hydrogen and chlorine to form hydrochloric acid

H, + Cl, — 2HCl (z.58)

which proceeds by the following set of elementary reaction steps:

cl, M1 aqr. (1.59)

Cl- +H, F2 Hal 4+ H- (1.60)
H- +Cl, 3, Har+ar- (1.61)
acl. *4, q, (1.62)

Note that for this particular set, the reactions only occur in the forward direction. This
is either because the backward reaction is negligible compared to the forward one (which is
the case for the second and third reaction), or because we explicitly model the forward and
backward reaction as separate reactions (which is the case for the first and fourth reaction).
In chain reactions, we can differentiate between initiation, propagation and termination steps.
The first step, the formation of two chlorine radicals, is the initiation step. The second and
third elementary reaction steps are the propagation steps. The fourth step is the reverse of
the first step and is the termination step.

From the above four elementary reaction steps, we are able to derive an analytical expres-
sion for the rate of formation of hydrochloric acid by application of the previously proposed
steady state approximation. The reasoning stays the same: on the time scales where the
reaction takes place, we consider the concentration of the highly reactive compounds (i.e. the
radicals) to be constant in time, hence we assume
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d[cl-
[dt } =0 (1.63)
dH-] _
Fraae 0. (1.64)

Given the above four elementary reaction steps, we obtain the following five differential
equations (i.e. one for each compound in the system of elementary reaction steps)

o = kalCL] —ks[H-JCL] + kqlCl-)? (1.65)
WLl gt 066
A _ k(e )] + k- w6
Li'} = 2k1[CL,] — k[Cl-][H,] + kg[H -][CL,] — 2k4[Cl-]* =0 (1.68)
M pofer-m,] - ksl Jct] =o. (£69)

To find a rate expression for the change in concentration of HCl, we need to obtain an
equation for the concentration of the radicals (which is constant over time) and plug these
into the rate expression for HCL. The trick to solve this problem, is to realize that given the
steady-state approximation, we are allowed to add and/or subtract equations 1.68 and 1.69
from any of the above expressions since equations 1.68 and 1.69 equate to zero.

Summing 1.68 and 1.69 provides us with an expression for [Cl-]:

] = ,/Z—l [cL,] (170)

Plugging equation 1.70 back into equation 1.68 provides us (after some algebra) the
following expression for H -

k1
[H } = M (1_71)
k3 Vv [Clz]

Finally, inserting the result of equations 1.70 and 1.71 into equation 1.67 gives us the
following expression for the rate of change in HCL:

d[HCl]
at

k 1
= 2kyy [ [H,][CL)2 (.72)
4
If 1.58 would have been an elementary reaction step, the rate expression would be

d[HCl]
at

= 2k[H,][CL,]. (x.73)

Hence, we encounter again a situation where the rate expression derived from the set of
elementary reaction steps is significantly different from the simple rate expression assuming
that the overall reaction is an elementary reaction step.
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Catalytic reactions

A catalyst is a compound which is added to the reaction mixture that accelerates the reaction
without itself being consumed in the process. In turn, a reaction that uses a catalyst is termed
a catalytic reaction. The key concept of catalysis is thus that the reactants associate with the
catalytic material, undergo a chemical transformation and finally dissociate from the catalyst.
There are different kinds of catalysts, but in this reader, we will focus on heterogeneous
catalysts and the corresponding gas-solid kinetics.

A heterogeneous catalyst can be envisioned as a relatively large extended surface. This
surface is composed of active sites, which are local positions on which a molecule can adsorb,
react and desorb. The total number of active sites is considered constant and equal to N.
Furthermore, we assume for the time being that all sites are equivalent and each site can only
be occupied by a single species or be vacant. If an adsorbate X is adsorbed on a catalytic site,
this is denoted by X*. The fractional coverage of sites covered by X is in turn denoted by 6 x .

In summary, our model assumes the following about active sites:

« The total number of sites is constant.
« All sites are equivalent.
« A single site can only adsorb a single molecule or atom.

From here on, we can define elementary reaction steps which deal with a catalytic surface.
Let us consider the adsorption of reactant R on a catalytic site denoted by *

ki
R 4+ % — Rx (r.74)
ky
and the reaction in which R* can be converted to product P, which immediately desorbs
from the catalytic surface

k.+
R¥ —25 P + *. (1.75)

In order to derive kinetic equations for this system, we have to consider the dimensionality
of the reaction rates. For some compounds, the rate of change will be expressed in the three-
dimensional space of the gases. For the species which are associated with the catalyst, their
rate of change pertains to the two-dimensional space of the catalyst surface. Thus, we have to
define the following macroscopic equation for our rates

d[R _
— % = Nk (1-60R) [R] — Nk; 0, (1.76)
where V is the volume of the gases, IV is the total number of catalytic sites in the volume
V, O is the fractional coverage of sites covered by R and (1 — 6) the number of empty sites.
The latter can also be denoted by 6.
For the rate of change for adsorbed R, we obtain the following expression

dog

TE =k (1-0g) [R] - (ky +k]) b (L77)

and for the rate of change of product P
[P

Ve = NkiOp (1.78)
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To obtain a kinetic expression for the rate of production of P, we can again make use of
the steady state approximation. Here, we apply the approximation for the fractional coverage
of R on the surface 0 :

dop

“E =k (1-0g) (R - (kr +k§)oR =0 (179)

From this, we can directly establish a relation for 6 as a function of the concentrations
of R:

Ky [R)
_7+
op =1tk (1.80)
1 + kl [R]
kT +k3
Finally, plugging this result back into equation 1.78 gives
h B]
V@ = Nk;% (1.81)
dt |4 kLR
ki +k3

In conclusion, we have seen how to model a reaction that uses a catalytic surface. The
novelty here was that we had to introduce additional terms into the kinetic equations to deal
with the dimensionality of the space wherein the species reside (i.e. three-dimensional for
the gas-phase species and two-dimensional for the adsorbates).

Langmuir adsorption isotherms

The adsorption of compounds on a catalytic surface is a pivotal step in any catalytic cycle, as
without adsorption, no use is made of the catalytic material. The relationship between the
surface coverage of a particular species and its corresponding gas-phase pressure at constant
temperature is known as a Langmuir adsorption isotherm. This isotherm is named after Irving
Langmuir, who studied the deterioration of tungsten filaments in incandescent light bulbs.
For this purpose, he constructed a detailed theoretical framework which he later used to build
a kinetic description of catalytic reactions. For his accomplishment in the field of catalysis, he
was awarded with the Nobel Prize in Chemistry in 1932.

Using the theoretical framework as devised by Irving Langmuir, we are here going to
explain different types of adsorption. The different types of adsorption are named after the
nature of adsorption, which are

« Direct or associative adsorption: A gas-phase species adsorbs directly on the surface
and retains its internal chemical bonding. A key example is the adsorption of N, or CO.

- Dissociative adsorption: A gas-phase species adsorbs on the surface and simultaneously
dissociates. The adsorption of H, on many transition metals directly leads to the
dissociation of the H, molecule by which the adsorbed state are two separate hydrogen
atoms bonded to the surface.

« Competitive adsorption: Basically a form of adsorption wherein multiple species com-
pete for the same type of active site. A typical example is the competitive adsorption of
COand H,.7

In the next subsections, we will derive the Langmuir isotherm for these three types of
adsorption.

7There is also a form of competition wherein adsorbates on adjacent active sites tend to repel (or attract) each other.
Such kind of lateral interactions are not meant here.

& CHAPTER 1
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Direct adsorption

In the direct adsorption mechanism, a gas-phase species A adsorbs on the surface wherein its
molecular form stays intact. The corresponding elementary reaction step is

kT
A+x —Ax. (1.82)
k-

This gives the following differential equation?® for the rate of change in the surface coverage
of A:

dg—:‘ =pakT0x —k™04. (1.83)

If we assume that the catalytic surface is composed of only one type of site, than we can
formulate the following mass balance for the fractional coverages

04+ 0+ =1. (1.84)

Applying equation 1.84 to equation 1.83 results in

de _
T:‘ =pakT (1-04) -k 04. (.85)

Applying the steady state approximation to the above expression gives us an expression
for the fractional coverage as a function of the gas-phase pressure

Kt

ey K
o= k-4 P4 (1.86)
1+ ZTPA 1+ K;DA

This functional form is termed a Langmuir adsorption isotherm. Note that in the above
expression, we have used the equilibrium constant K, which is the ratio of the forward reaction
rate constant and the backward reaction rate constant as given by

kT

K= = (z.87)

In Figure 1.2, several Langmuir adsorption isotherms are plotted using equation 1.86
with different values for the equilibrium constant K. From this Figure, we can see that

with increasing value for the equilibrium constant, the surface coverage is higher at a given
pressure.

8Instead of the concentration of A in the gas phase as shown in the previous example, we here use the pressure as
for gas-solid interactions, the latter is used more often. Both approaches are of course equally valid, as the collision
chance scales linearly with both concentrations as well as pressure.
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Coverage 6

Pressure p in bar

Figure 1.2: Langmuir adsorption isotherms. The top line corresponds to an equilibrium constant of K=10 bar—1,

the middle one has an equilibrium constant of 1 bar~1 and the bottom line has an equilibrium constant of 0.1
bar=1.

Dissociative adsorption

The adsorption of certain di- or polyatomic molecules results in the immediate dissociation
of these molecules upon adsorption on a catalytic surface. A typical example is the adsorption
of H,, which for a broad range of transition metals gives dissociative adsorption.

The elementary reaction step for the dissociative adsorption of species A, on a catalytic
surface is given by

ket
A, + 2% = 2Ax (1.88)
P
and the corresponding differential equation is

do 4

2
T =pakT (1-04)" — k6%, (1-89)

Note that we have the same molar balance as shown in the previous section by which we
can replace 6« with 1 — 6 4.

Applying the steady state approximation to this differential equation and solving for 6 4
gives the following Langmuir adsorption isotherm

Kpa,

0p = ————. (.90)
1+ ,/Kpa,

In Figure 1.3, a comparison is shown between associative and dissociative adsorption.

Competitive adsorption

An interesting case occurs when two species compete for the same active sites. Consider the
situation where compounds A and B both adsorb associatively on the same catalytic surface
as given by the following two elementary reaction steps
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osl | B |

Coverage 6

0.2

Pressure p in bar

Figure 1.3: Langmuir adsorption isotherms of associative versus dissociative adsorption. The dotted line cor-
responds to associative adsorption whereas the solid line represents dissociative adsorption. The equilibrium
constant K is the same for both isotherms.

kX
A+ x = Ax

(1-97)
ky

k+
B+ ==DBx.

(1.92)
k5

Applying the steady state approximation to both 6 4 and 6 g gives the following expressions

04 =KApabx (1.93)
0p = Kpppb« (1.94)

To solve for 6, we introduce a site balance which for this situation is given by

9A+93+9*=l.

(1.95)
Plugging equations 1.93 and 1.94 into equation 1.95 gives
Kapabsx + Kpppbsx + 0+« =1 (196)
Collecting all terms in 4 gives
(KApA-l-KBpB—I-l)@*:l (1.97)

from which we can readily derive

- : - (.98)
1+ Kapa + Kppp

0
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Coverage 05 (dimensionless)
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Figure 1.4: Langmuir adsorption isotherms of competitive adsorption of A and B.

Plugging this expression back into 1.93 and 1.94 gives

K
04 = APA (r.99)
1+ Kapa + KppB
K
0p = BPB (1.100)

1+ Kapa+ Kpprp'

The above two equations are the two Langmuir adsorption isotherms for competitive
adsorption.

In Figure 1.4, a contour plot is given for competitive adsorption. The equilibrium con-
stants K 4 and K are both set to 1 bar~1. The competition between the two adsorbates
is clearly seen from the result that the coverage of B decreases with increasing pressure
of A. Furthermore, because the equilibrium constants for both adsorption isotherms are
equal to each other, the surface coverage of both components at elevated pressures equals

04=0p=1.

Reaction mechanisms in catalysis

Quite often, one is interested in the net production of a particular compound in a chemical
reaction. In process engineering, it is common to consider part of the chemical process as a
black box and model the system (or chemical reactor) purely on the basis of the long-living
and stable compounds within the system. In other words, one neglects the intermediates or
radicals as these are very short-lived and would be difficult to measure experimentally.

Given these limitations, macroscopic reaction rates are employed to express the production
rates in terms of the concentration of the reactants. These production rates (or for that matter
reaction rates) are often so-called power laws and are based on the overall reaction. An
example of such an overall reaction is the oxidation of carbon monoxide over a car-exhaust
clean-up catalyst as given by the following overall reaction equation:
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1.5 Reaction mechanisms in catalysis 17

CO+ -0, — CO,. (1.101)
2

A simple approach for expressing overall reaction rates is to set up a rate based on a power
law where the exponents in these power laws are set equal to the stoichiometric coefficients
in the reaction equation. For example,

r = k[CO] [OZ]%. (r.102)

However, many experiments showed that such an approach was too naive. It is rarely the
case that the stoichiometric coefficient of the reactants are equal to the exponents in these
power laws. The underlying reason for this is that such power laws do not properly describe
the kinetics of the reaction. In order to have a proper description, we need to describe the
kinetics of the elementary reaction steps constituting the overall reaction.

For example, the catalytic oxidation of CO can be decomposed in the following elementary
reaction steps:9

CO + * & COx (1.103)
0, + 2% & 20% (r.104)
CO * +0x S CO,* (r.105)
CO, + * 5 CO,* (1.1006)

Describing the kinetics of these four elementary reaction steps can give an overall rate
expression for this reaction. Constructing a set of elementary reaction steps constituting
the overall reaction is typically based on a mixture of chemical intuition, logics and carefully
conducted experiments. For heterogeneous catalytic reactions, a good approach to construct a
set of elementary reaction steps is to decompose the reactants on the catalytic surface to their
constituting elements and subsequently (re-)assemble these elements into their final product.

To exemplify, let us consider ammonia synthesis. Herein, nitrogen and hydrogen gas is
converted to ammonia over a catalytic surface. The first step is decomposing the nitrogen
and hydrogen molecules to nitrogen and hydrogen atoms. In other words, the nitrogen and
hydrogen molecules are dissociated over the catalytic surface. The corresponding elementary
reaction steps are:

Nx (r.107)
2 Hx (1.108)

You might argue that nitrogen does not adsorb dissociatively’® and that the nitrogen
dissociation actually proceeds in two elementary reaction steps:

N, 4 % 5 Ny* (1.109)

N, * +* S 2 Nx (1.110)

In principle, both paths are valid. In order to resolve whether this happens in one or two
steps is by using the definition of an elementary reaction step. An elementary reaction step

9Note that in equation 1.105 a vacant site is formed after recombination of adsorbed CO and O.
°In fact, I gave this as an example for associative adsorption previously. Moreover, it is known that the N3 bond is
very strong, hence making such a pathway unlikely.



1.5.1

18 Chapter 1. Kinetics

has a single transition state. As it turns out, for some metals, nitrogen adsorption immediately
results in dissociation via a single transition state, while for other metals, nitrogen first
molecularly adsorbs and then dissociates.

After adsorption and dissociation, ammonia is made by subsequent hydrogenation of the
nitrogen atom on the surface. Each of these hydrogenation steps are elementary reaction
steps as the formation of a single N-H bond occurs via a single transition state.

N +H* = NH % + % (r.111)
NH * +H#* & NH,, * + * (r.112)
NH, * +Hx = NH; * + * (1.113)

Finally, after the ammonia has been formed on the surface, it needs to desorb. This
occurs in a single elementary reaction step. For some reactions, the final hydrogenation
step immediately leads to desorption (such as is the case for methane). In that case, both
hydrogenation and desorption occur in the same elementary reaction step, because it happens
via a single transition state.

NH;* = NH; + * (1.114)

We started this chapter by mentioning that the construction of power laws is a poor
approach. You might argue against this, as in principle, you can still construct a single power
law expression by fitting the exponents in the power law to a number of experiments. Such an
approach however would not reveal much of the underlying process. Consider now what kind
of advantages one would gain by loosing the black-box assumption and developing a complete
(micro)kinetic model. One would have a better description of the short-lived intermediates
or radicals. The effect of temperature and pressure could be studied in much greater detail.
One could identify the elementary reaction step that limits the overall reaction and look for
new catalytic materials that lower the reaction barrier of this elementary reaction step.

Potential energy diagram

If the set of elementary reaction steps that describe the mechanism is relatively simple,
it is possible to construct a potential energy diagram (sometimes also termed a reaction
energy diagram) from this set. The potential energy diagram describes the change in energy
between the different thermodynamic states in the reaction and also shows the barrier of each
elementary reaction step.

The potential energy diagram of a single elementary reaction step is given in Figure 1.5.
In this Figure, the initial, transition and final state of the reaction are shown. The difference
in energy between the initial and transition state corresponds to the activation energy. This is
the barrier in terms of energy that has to be crossed in order for this reaction to proceed. The
difference between the initial and final state corresponds to the reaction energy and is the
amount of heat released by the elementary reaction step.

If you would approach this reaction from the right hand side, i.e. from the final state
towards the initial state, then you would still need to cross the barrier imposed by the transition
state. This barrier for the backward reaction is simply named the activation energy in the
backward direction and is defined as the difference between the transition state and the final
state. Conclusively, all elementary reaction steps can proceed in both the forward and the
backward direction and regardless of the direction, you will encounter a barrier. The principle
behind this is termed microscopic reversibility.

The potential energy diagram for CO oxidation is shown in Figure 1.6. In this diagram,
on the left hand side, CO and }0, in the gas phase are given. First, CO and O adsorb on
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Transition state

AFB;ct

Initial state

AHg

Final state

Figure 1.5: Potential energy diagram of a single elementary reaction step

CO+ 10,

Figure 1.6: Conceptual potential energy diagram for the CO oxidation reaction. AH x corresponds to the
adsorption energy of compound X. AFEy is the activation energy for the recombination reaction between
adsorbed CO and O.

the surface. Recall that O, adsorbs dissociatively and only a single oxygen is required for the
CO oxidation, hence we only need to adsorb a single O atom. CO* can react with O* to form
CO,* on the surface, which in turn can leave the surface. Note that adsorption reactions are
exothermic as new chemical bonds with the catalytic surface are formed. Similarly, dissociation
steps are endothermic as chemical bonds with the catalytic surface are broken.

The potential energy diagram is a powerful concept to study the energetics of a reaction
mechanism. Despite this, it only conveys the relative energy levels of the thermodynamic
states and has therefore limited information about the kinetics of the reaction. To study the
kinetics, one has to construct an expression for the overall reaction rate in terms of the set of
elementary reaction steps, which will be the topic of the next section.

Rate-determining step and overall reaction rate

Given that we have a full understanding of the set of all elementary reaction steps of a catalytic
reaction, how can we then construct an analytic expression for the overall reaction rate? The
key assumption to use is to consider that one of the elementary reaction steps, typically a step
over the catalytic surface, is the rate-determining step. In other words, the rate of the overall
reaction equals the rate of the slowest elementary reaction step.

Let us consider again the example of CO oxidation towards CO,, which occurs via the
following four elementary reaction steps
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CO + * & COx* (1.115)

0, + 2% S 20% (1.116)

CO % +0% = CO, * + * (1.117)

CO, + * S CO, % (1.118)

We wish to develop an analytical expression for the rate of production for CO, for this
system. From the set of elementary reaction steps as defined above we are of course able
to construct a set of ordinary differential equations and solve this set numerically given
appropriate boundary conditions. However, if we wish to pursue an analytical expression, we
are going to make a series of assumptions:

« We assume that the surface oxidation step (CO * +0+ = CO, * +) is the rate-
determining step. Thus, the overall reaction rate equals the rate of this elementary
reaction step.

We assume that all steps other than the rate-determining step are in quasi-equilibrium.
This means that on the time scales by which the overall reaction occurs, all steps other
than the rate-determining step have already reached a pseudo- or quasi-equilibrium.
In other words, their rate of change is zero.

We assume that CO and CO, adsorb associatively whereas O, adsorbs dissociatively.
We have previously seen how to construct Langmuir adsorption isotherms for such a
situation. Note that we had to assume a quasi-equilibrium in order to establish these
Langmuir adsorption isotherms. In this situation, we have competitive adsorption
of three components, but we will shortly see that it is not more complicated than
competitive adsorption for two components.

Finally, we employ a mean-field approximation. In this assumption, we neglect the
local topology of the catalyst surface and assume that every compound on the catalytic
surface can interact with every other compound on the catalytic surface. This concept is
further illustrated in Figure 1.7. In this Figure, we note that all adsorbates (denoted by
squares and circles) are randomly placed on the catalytic surface. In reality, an adsorbate
sitting at the left bottom corner of the catalytic surface will never react with an adsorbate
at the right top of the catalytic surface, however, within the mean-field approximation,
we assume that everything is continuously randomly distributed and such interactions
do occur. In other words, we neglect the local topology and thus we can describe the
rate of reaction using simply the surface fractions of the adsorbed species.

Using the above assumptions, i.e. the quasi-equilibrium approximation, the rate-determining
step approximation and the mean-field approximation, we obtain the following three equations
for the surface coverage of CO, O, and CO,:

K
0co = cobco (r.119)
1+ Kcoprco + 4/Ko,po, + Kco,pco,

/Ko, o,

0o = (r.120)
1+ Kcopco + /Ko, po, + Kco,pco,

0 Kco,pco,
co, =
1+ Kcopco + /Ko, po, + Kco,Pco,

(r.I21)
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Figure 1.7: Schematic depiction of the mean-field approximation. In the mean-field approximation, there is no
interaction between the adsorbed species and all species are distributed randomly over the surface.

The overall rate is equal to the rate of the rate-determining step, hence

rco, = k3 Ocobo — k3 Oco, 0 (1.122)

k3 Kcopcoy/Ko,po, — k3 Kco,pco,

= 3 (1.123)
(1 + Kcopco + /Ko, po, + Kcozpcoz)

This equation can be further simplified when we assume that the rate determining step
is irreversible. In such circumstances, the forward rate is much larger than the backward rate
and hence the equation simplifies to

ki Kcopco /Ko, po,

Tco, = 5 (1.124)
(1 + Kcorco + /Ko, po, + Kcozpcoz)

With the irreversible step approximation set, the reverse reaction is not occurring, but any
product formed can still readsorb on the surface. Thus, we see a term in the denominator
corresponding to adsorbed CO,. On top of the irreversible step approximation we are allowed
to make an even more stringent assumption termed the zero-conversion approximation. As the
name implies, within this assumption no products are being formed and hence all components
that are formed after the rate-determining step can be ignored and will thus not occur on the
catalytic surface. The reaction rate then further simplifies to

k3 Kcopco/ Ko, po,

rco, = 3 (r.125)
(1 + Kcorco + \/Kozpoz)

Note that despite that the zero-conversion approximation and the irreversible step ap-
proximation are different approximations, under the zero-conversion limit the same kind of
effects are present as under the irreversible step approximation. Whereas the zero-conversion
limit does not state that the rate-determining step cannot proceed in the reverse direction,
due to the fact that no product has been formed (i.e. we are working at zero conversion),
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there is no product present for the reverse reaction to occur. Admittedly, the difference is
subtle, yet the reader is advised to use the approximations with caution and not to treat them
as synonymous.

With these additional approximations installed, we can even further simplify this equation
by making another assumption. Often, catalytic reactions have a surface compound which
adsorbs much stronger than the other adsorbates. Thus, we expect to find that the surface is
mainly covered with that compound and some free sites. For example, let us assume that CO
binds much stronger that the other compounds. In that case,

Kcorco > /Ko, po,, Kco,pco, (1.126)

and the above equation then simplifies to

ki Kcopco /Ko, po,

2
(1 + Kcopco)

TCo, = (r.127)

In this situation, we say that CO is the MARI, which stands for the Most Abundant Reaction
Intermediate. The final assumption we can make is to consider that we are working at very low
temperature by which the surface coverage of CO is not merely the most abundant intermediate
among the reaction intermediates, the coverage of CO is also greater than the amount of
available empty sites. In that case, the reaction rate simplifies to

kT /K
“syo.bo, (1.128)

TCo
Kcopco

2

At this point, we have found the equation under the condition that the whole surface is
covered with CO and thus that CO is poisoning the catalytic reaction. It should be noted
that this assumption is rarely valid, except at very low temperature, i.e. well below typical
operating conditions.

Reaction orders

The overall reaction rate depends on the pressures of the reactants and this dependency is
reflected by the reaction order. The reaction order is basically a number which defines the
scaling behavior of the reaction, i.e. if for instance the reaction order is 2, the rate of the
reaction will quadruple if the pressure is doubled.

The reaction order can be calculated using the following formula

Olnr
apx

nx = px (1.129)

To exemplify this, let us calculate the reaction order in CO for the CO oxidation reaction.
We assume that the quasi-equilibrium assumptions holds and furthermore we consider CO
to be the MARL.

& CHAPTER 1
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Olnr
nco =pco g, (1.130)
ki K /K
ol ——— V2T (lcf;io : ())Spoz
CoPco
—rco e (.131)

0 1 1
=pco 3 (11’1 k‘g_ +1In KCO + h’lpco + —1In Koz + - ll’lpo2 —2In (1 + Kcopco))
Pco 2 2

(1.132)
=pco (Inpco — 2In (1 4+ Kcopco)) (1.133)
PCo
Oln (1 + K,
=1 - 2pco 8in {1+ Kcorco) 5 GoPco) (r.134)
PCoO
1 _o__ Pco 9 (1 + Kcopco) (1.135)
(1 + Kcopco) dpco
Kcopco
=1-2——"= 1.136
(1+ Kcoprco) (136)
=1-20co (1.137)
(r.138)

The above result can be interpreted as follows. At very low surface coverage of CO, the
reaction order in CO is equal to 1. This means that when we double the CO pressure, we
expect that the reaction rate will double as well. Alternatively, at very high surface coverage
of CO, the reaction order will be -1. In this case, doubling the CO pressure will result in a
reduction of the reaction rate by a factor 2. The latter condition is the poisoning regime. Here,
the CO surface coverage is so high that there are no available free sites for 0, to adsorb and
hence the reaction rate decreases with increasing CO pressure.

If CO is not the MARI, we have the following equation for the reaction rate.

ki Kcopco /Ko, po,

Tco, = 5 (1.139)
(1 + Kcorco + /Ko, po, + Kcozpcq)

In a similar fashion as shown above, we can calculate the reaction orders to be

nco =1- 29CO (1‘140)
1

no, =5 — 0o (r.141)

nco, =~ fco, (1.142)

The reaction rate as a function of coverage is shown in Figure 1.8 and the corresponding
reaction order is given in Figure 1.9. From these Figures, we can see that the reaction order in
0, is constant as a function of temperature, whereas the reaction order in CO changes from -1
to +1. In Figure 1.10, the surface coverages for CO*, O* and * are given. Using this Figure, we
can rationalize the results obtained for the reaction orders. At low temperature, the surface
is mainly covered with CO, hence the reaction order in CO is negative. With increasing
temperature, the surface coverage of CO decreases and the amount of available sites increases.
As a consequence, the reaction order in CO increases from -1 to +1. Because the surface
coverage of O is very low in the temperature range under consideration, its corresponding
reaction order is constant and amounts to ng = + for the whole range.
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Figure 1.8: Rate of CO, formation as a function of temperature

1.5.4 Apparent activation energy

To express the dependence of the overall rate on the temperature, typically the concept of the
apparent activation energy is employed. The higher the energy of the apparent activation
energy, the higher the energy barrier that the overall reaction has to cross. The expression for
the apparent activation energy is as follows

Olnr
AEZXP = RT? o (1.143)

where R is the gas constant and T is the temperature. Applying the above equation to the
(simplified) reaction rate for CO, formation as given in equation 1.127

k; Kcopco \/ Kozpoz
Oln| ——————

) (14+Kcopco)?
a
AEagtP =RT T (1.144)
d 1 1
:RT2ﬁ (1nk§r +1In Ko +Inpco + 5 In Ko, + 5 Inpo, —2In (1 + Kcopco))
(r.145)
9 1
:RT2ﬁ (ln kgr +1In Kco + 3 InKo —2In(1+ Kcopco)) (1.146)

Let us take one step back from the above equation and study the results obtained so
far before we continue deriving the final result. In the last step, we note that we have four
terms that we have to differentiate. One term corresponds to the derivative towards 7' of the
natural logarithm of the reaction rate constant, two similar terms but then for the equilibrium
constant and a final term that corresponds to the part of the denominator of the overall
reaction equation. To solve the last term, we need to apply the chain rule. Let us first solve
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Figure 1.9: Reaction order in CO and O, as a function of temperature

the first three terms for which we need to know how k and K depend on the temperature.
From thermodynamics (we will discuss this in more detail in Chapter 2), these terms depend
on temperature in the following fashion:

k=vexp (%) , (1.147)

where v is the pre-exponential factor and A Eyct is the reaction barrier for the correspond-
ing elementary reaction step. Plugging the above in our expression and solving for the first

term gives
0 —AFE;,ct 0 —APFE;,ct
Fi In (Vexp (RT)) =37 (ln (v) + T) (1.148)
=S (v149)
RT? " 149

Similarly, the temperature dependence of the equilibrium constant is reflected by the
following equation

—A —AHR +TA —AH, A
K = exp ( RJC“;R) = exp (I%;TSI{) = exp ( RTR) exp (%) , (1.150)

where AGy is the Gibbs Free energy, AHy is the reaction enthalpy and ASy is the
reaction entropy. Thus, we can now solve for the second and third term in equation 1.146




26 Chapter 1. Kinetics

& CHAPTER 1

@ CO*
A O

W * (free sites)

1.0 A

0.8

0.6

0.4

0.2 1

Surface coverage 6 (dimensionless)

0.0 A

600 700 800 900 1000 1100
Temperature T in K

Figure 1.10: Surface coverage in CO and O, as a function of temperature

BET In <exp (_§§R> exp (A;VR)> (1.151)
5 (oo () )+ (e (22))] 159

_ 9 (—AHR | ASR

_8T( RT R) (L.153)
AHR

“RT2 (r.154)

Finally, we have to solve for the fourth term in equation 1.146 which can be done by using
the chain rule and applying the result of equation 1.154.

0 4]
T (2In (1 4+ Kcopco)) =2 T (In (1 + Kcopco)) (1.159)

=2 aénaa 27; Wlth a=1+ Kcopco (II56)
1 0a .

=2 ST with a = 1 + Kcopco (1.157)

9 pco  9Kco (L.158)
1 + Kcopco 8T

—AH ASy

—9 Pco Oexp ( RT > P ( R ) (L159)
1+ Kcopco or

—9 pcoKco AHco (1.160)

1+ Kcopco RT?
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Note that the term % corresponds to the Langmuir adsorption isotherm for CO

under the conditions that CO is the MARI, hence, we can further reduce the above equation to

RT?

0
ﬁ (2 In(1+ Kcopco)) =20co (I.IGI)

Combining all four terms provides us with the following equation for the apparent
activation energy

o) 1
AEZPP :RTQﬁ (ln kgr +1InKco + 3 InKo —2In(1+ Kcopco)) (1.162)
1
=AFEyt+AHoo + EAHOZ —2AHoob0c0 (I.163)
1
=AFat+ AHeo (1-20c0) + 5AHOz (1.164)

We can interpret this equation on the basis of Figure 1.6. The overall activation energy
of the kinetic network depends on the barrier of the rate-determining step. The barrier is
decreased by the half of the adsorption heat of O, as oxygen adsorption is exothermic (i.e. AH
for adsorption is always negative) and releases heat. The barrier is further decreased by the
adsorption heat of CO, however, with increasing amount of CO on the surface, the reduction
of the barrier by CO adsorption decreases to the point that at coverages larger than o.5, the
reaction barrier is increased by the heat of adsorption of CO.
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1.6 Questions and Exercises
The answers to the questions and exercises are given at the end of this book in Appendix C

(page 135).

1.6.1 Exercises

The exercises are marked by a number of gears to indicate their difficulty levels.

The decomposition of acetaldehyde

CH3CHO — CH4 + CO (1.165)

proceeds in the gas phase via methyl radicals according to

1. CH3CHO — CH3* + CHO*

2. CH3* + CH3CHO — CH,4 + CH3CO*

3. CH3CO* — CH3* + CO

4. 2CHgz* — CoHg (1.166)

Assume that all reactions are irreversible. Derive the rate expressions for the formation
of CH,4 and CoHg by using the steady-state approximation.

N5Oj is an unstable compound formed in the atmosphere upon interaction of NOy with
oxygen. Its decomposition

2N905 — 4NOg + O (1.167)
proceeds according to the following rate equation

d[O2]
dt

= k[N205] (1168)

Show that the following set of elementary reaction steps leads to this rate equation and
provide an explicit expression for the overall rate constant k. Identify all reaction intermediates
and apply the steady state approximation on these intermediates.

1. NoO5 = NOy + NO;
2. NOy + N03 — NO + NO3 + O9
3.NO + NO3 — 2NOy (1.169)

& Think deeper...
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« Explain why the reaction order with respect to NoOs is unity and not 2 as suggested by
the overall rate equation.

« Derive a rate equation for the formation of NO9 and relate it to the rate equation for
O5 formation.

|
CIEEETEE
Derive the rate expression for NoO for the reaction
2NO + Hy — N2O + H50 (r.170)

using the steady-state expression. The mechanism constitutes the following elementary
reaction steps

1. 2NO = N3Oy
2. N2Og + Hyg — N5O + HoO

Exercise 1.4 m

The exposure of sunlight to a mixture of methane and bromine gas results in a violent
reaction releasing bromomethane and hydrogen bromide. This reaction proceeds according
to the following mechanism:

1. Bro — 2Br*
2. CH4 + Br* — CHs* 4+ HBr
3. CH3* + Brg — CH3Br + Br*
4. 2Br* — Brg

« Identify the type of elementary reaction step in the above chain reaction. Distinguish
between initiation, propagation and termination reactions.

« Derive a rate expression for the formation of CHgBr. Clearly explain the assumptions
you have used in the derivation.

Derive the Langmuir adsorption isotherms for the following situations
(a) Molecular adsorption of CO.

(b) Dissociative adsorption of CO.
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(c) Competitive adsorption of molecularly adsorbed CO and dissociatively adsorbed Hs.
Assume there occurs no reaction between CO and Hs.

d

Consider the mechanism of methanol formation through consecutive hydrogenation
of CO. The rate-determining step is the first hydrogenation of CO with one H atom.
This step is irreversible. All other steps are fast, except for the desorption of methanol
which is considered to be in equilibrium with the gas phase. CO and Hg adsorption
are also quasi-equilibrated.

« Write down the mechanism.

+ Reason why you only need to take the surface coverages of CO, H and CH,COH
into account.

« Derive an expression for the reaction rate.

Give the limits (the domain) of the reaction orders for Hy, CO and methanol.

Exercise 1.6 m

Recent work has shown that the rate of catalytic synthesis of methanol from CO5 and Hy
scales first-order with the partial pressure of CO9 and % order with the partial pressure of Hs.
The overall reaction equation is

CO5 4+ 3Hy — CH30H + H50 (1.171)

The mechanism is thought to proceed in the following manner

1. Ho + 2% = 2H¥*
2. COg + * = COg*
3. COg* + H* = HCOO* + «
4. HCOO* + H* & HyCOO* + x
5. HyCOO* + H* = H3CO* 4 O%
6. H3CO* + H* < H3COH* + *
7. H3COH + * = H3COH*

a) Complete the mechanism by adding three elementary reaction steps which remove O* as
HoO involving equilibrium between water in the gas phase and the adsorbed state.

b) Determine which step is most likely the rate determining step considering the reaction
orders as obtained from the experimental results.

c) Derive the corresponding rate equation for methanol formation, assuming that the rate-

determining step is irreversible (proceeds only in the forward direction) and all other steps

are in quasi-equilibrium. Furthermore, assume that the surface is nearly empty. Show that
3

ny, = 3.

& Think deeper...

At which molar fraction of Hy is the reaction rate at its optimum?

& CHAPTER 1
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- Exercise 1.7 m

During the course lectures, CO oxidation was studied as a typical example of surface
catalysis. Itrelates to the clean-up of exhaust gases from the combustion of transport fuels. The
rate equation has been derived assuming that the surface reaction is the rate determining step.
Furthermore assume that the rate-determining step is irreversible. Consider the following
mechanism:

1. CO + x = CO*
2. 09 + 2% — 20%
3. CO* + O* — COq + 2% (r.172)
a) Which assumptions do you propose to compute the surface coverage of O atoms? Recall

that we are considering in this question car-exhaust clean-up in the three-way automotive
catalyst. Should the surface oxygen coverage be high or low in this process and why?

b) Derive the overall rate equation for the above mechanism.

Exercise 1.8 m

Consider the steam reforming of methane, which is a large-scale industrial process for
the production of synthesis gas:

CH4 + H20 — CO + 3Hg (r.173)
For a Ni catalyst supported on alumina, we find that the reaction orders are the following
* ncpy, >0
* nHy,0 <0
s np, >0

a) What is synthesis gas and name at least two chemical processes that use synthesis gas as
its feedstock.

b) In case we wish to produce Hy, for instance in ammonia production, what other important
chemical reaction can be utilized to increase the amount of Ho that can be produced from
methane?

c) Why is steam reforming carried out under moderate pressure and high temperature?

d) Propose a mechanism involving recombination of adsorbed C* and adsorbed O* to form
adsorbed CO* as the rate-determining step. Derive a reaction rate equation assuming that O*
is the MARI. Assume that the adsorption of CHy is dissociative, whereas the adsorption of
H5O is molecular.

e) Are the experimental orders for Ni consistent with this model?
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f) Derive another rate equation assuming that methane dissociation is rate-determining and
assume again that O* is the MARI. What are the reaction orders in this case?

Exercise 1.9 m

The catalytic hydrogenolysis of ethane into methane is composed of the following ele-
mentary reaction steps

1. CoHg + 2+ = CoHg* + H*
2. CoHg* + H* — 2CHg*
3. CHg* + H* < CHy + 2«
4. Hy + 2+ = 2H*

Assume that step (2) is rate determining and that all other elementary reaction steps are
in quasi-equilibrium.

a) Ifa small amount of Do is added to the reactants, CoHg_,, Dy, is observed in the gas phase.
Explain this phenomenon.

b) Deduce the rate equation for step (2).
c) Derive the expressions for the surface coverages of ethyl, methyl and hydrogen.

d) Give the full rate equation including the terms relevant when the reaction approaches
equilibrium. In other words, assume that the rate-determining step is reversible.

e) Give the simplified rate equation in the case that H* is the MARI and very low conversion
of ethane.

& Think deeper...

Derive an expression for the apparent activation energy for the latter case.

Exercise 1.10 m

Consider the reaction between NO and CO in the presence of O5 on a Rh catalyst. NO
and CO adsorb molecularly. The surface NO dissociation step is much slower than all other
elementary reaction steps. The rate of CO* + O* is comparable to the rate of dissociative Og
adsorption. The other steps are quasi-equilibrated.

1. NO + * = NO*
2. CO + * = CO*
3. Og + 2% — 20%
4. Ng + 2% = 2N*
5. NO* + % — N¥* 4 O*
6. CO* + O* — COq + 2%

& CHAPTER 1
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Derive the rate equation for Ny and CO5 formation. Use the steady-state approximation
on O* to derive this expression.

& Think deeper...

In which technological application are these reactions important?

Exercise 1.11 m

Ethylene oxide is an important feedstock in the production of ethylene glycol. Ethylene
oxide is made by partial oxidation of ethylene (CoH,) over a Ag catalyst. In this process,
ethylene adsorbs molecularly whereas oxygen adsorbs dissociatively. The transition state for
the formation of ethylene oxide has such a high barrier that this elementary reaction step is
considered to be rate-determining. Assume that ethylene oxide immediately and irreversibly
desorbs from the catalytic surface after formation. Further assume that all other elementary
reaction steps are in quasi-equilibrium.

a) Provide an expression for the surface coverage of ethylene as a function of the partial
pressure of ethylene and oxygen.

b) Derive an expression for the rate of formation of ethylene oxide as a function of the partial
pressures of ethylene, ethylene oxide and oxygen.

c) At low temperature, it is found that oxygen is strongly adsorbed. Derive a simplified
expression for this situation. What are the reaction orders in ethylene and oxygen?

d) Describe the surface composition for the situation described in item (c).

e) Derive an expression for the apparent activation energy for the situation described in item
(OF
]

Exercise 1.12 m

Consider the catalytic oxidation of sulfur dioxide with molecular oxygen to sulfur trioxide.
The overall reaction equation is

SOo + %OQ — SO3 (1.174)

The catalytic reaction proceeds over a catalytic surface containing only one type of surface
sites. SO9 adsorbs molecularly, whereas Oy adsorbs dissociatively. SO3 is formed on the
catalytic surface by bond formation between adsorbed SO5 and O. Adsorbed SOg is in quasi-
equilibrium with SOg in the gas phase.

a) Give the elementary reaction steps of this proceses.

b) Assume that the surface reaction between SO, and O is the rate-determining step and is
irreversible. Derive an expression for the rate of formation of SO3.

c) Give the limits of the reaction orders in SO, SO3 and Oa.
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Assume from here on that Oy is strongly adsorbed whereas SO and SOg are only weakly
adsorbed.

d) Provide an expression for the rate of formation of SO3 and derive the reaction orders in
terms of the surface composition (fractional occupancies).

e) Derive an expression for the apparent activation energy in terms of the surface composition
(fractional occupancies).

Using a different catalyst, the following rate expression was found

1/2 1/2
ek Ks0,Ps0, Ko, Po, (1.175)
1+ Ks0,Ps50, + Ks505P50, 1+ Ké/zpé/Q
2 2

f) Provide a reasoning why the above rate expression differs from the previously described
catalyst. What is the essential difference?

Platinum is an efficient catalyst for oxidative dehydrogenation of ethanol towards acetalde-
hyde. The oxidizing agent is molecular oxygen. Mechanistic studies have shown that ethanol
adsorbs molecularly, whereas oxygen adsorbs dissociatively. The rate-limiting step is the
dehydrogenation of adsorbed ethanol to acetaldehyde coinciding with the release of a water
molecule.

CoH5OH* + O* — CoH40 + HyO 4 2% (1.176)

a) Derive an expression for the surface coverage of ethanol and oxygen in terms of their
corresponding partial pressures.

b) Derive an expression for the rate of formation of acetaldehyde as a function of the partial
pressures of ethanol, oxygen, acetaldehyde, and water.

Assume that at very low temperature, ethanol adsorbs strongly.

¢) Provide an expression for the rate of formation considering the above assumption. What
are the reaction orders in ethanol and in oxygen?

d) Derive an expression for the apparent activation energy and explain this result in terms of
the surface composition and the reaction profile.

Assume the temperature is increased.

e) Describe the surface composition in this scenario.

& CHAPTER 1
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The synthesis of water from Ho and Oy over a Pt surface proceeds via the following
elementary reaction steps:

1. H2 + 2% S 2H*

2. Og 4 2% = 20%*

3. 0% + H* = OH* + *
4. OH* 4+ H* = HoO* 4 %

5. HoO 4 % = HoO*

a) Assume that step (3) is the rate-determining step and provide a rate expression for this
step containing both the forward as well as the backward rate.

b) Show that the rate expression can also be expressed as the equation shown below. Provide
an equality for the constant Keqyilibrium in terms of the equilibrium constants of the individual
elementary reaction steps.

PH50 2
r=ki/KiKipu,po, | 1-— 2 62 LI
3 \/ f1KapH, Po, 7 Pon (1.177)

equilibriumPH2
c) Assume that oxygen is the MARI. Provide an expression for 6« using this assumption.

d) Provide an expression for the reaction orders in hydrogen, oxygen and water under the
assumption that O is the MARI and that the reaction is far from equilibrium.

€) Assume that the surface is nearly empty. Calculate the optimal gas phase composition (the
ratio between hydrogen and oxygen) to find the best rate. Again assume that the reaction is
operated far from equilibrium.

& Think deeper...

Derive for case (e) an expression for the apparent activation energy and explain your
results in terms of the surface processes and surface composition.

Consider the reaction between NO and CO over a Pt surface. NO and CO adsorb molec-
ularly. The surface NO dissociation step is considered to be much slower than all other
elementary reaction steps in the system. As such, assume that NO dissociation is the rate-
limiting step and that all other steps are in quasi-equilibrium. Note that step (5) is reversible
and as such the reverse reaction needs to be taken into account as well.
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1. NO + x = NO*
2. CO + * = CO*
3. Ng + % = No*
4. No* 4 % S 2N*
5. NO* 4 % = N* + O% (1.178)
6. CO* + O% = COo* + x
7.COq + % S COg*
a) Derive the rate equation for No formation. Take the reversibility of the reaction into

account and use an overall equilibrium constant Keq in the term corresponding to the reverse
reaction.

Assume that O* is the MARI

b) Derive a simplified rate equation for this case and give expressions for the reaction orders
in NO, CO, N5 and CO,. Explain these dependencies in terms of the surface coverages.

The apparent activation energy is determined under the condition that the surface is
nearly empty.

c) Derive an expression for the apparent activation energy in terms of the activation energy
of the rate-determining step and the enthalpy changes of the other steps.

& Think deeper...

What is the expression for the apparent activation energy for case (b)?

Exercise 1.16 m

The synthesis of hydrogen peroxide from hydrogen and oxygen over a metal surface
proceeds via the following elementary reaction steps:

1. H2 + 2% & 2H*
2. 09 + x = Oo*
3. O9* + H* = OOH* + *
4. OOH* + H* S HyOo* +
5. HoOg + % = HgOo*
a) Derive an expression for the rate of H,O, formation assuming that step (3) is the slowest

step. Take the reverse reaction explicitly into account (i.e. do not assume zero-conversion or
an irreversible step approximation).

b) Assume now that the surface is nearly completely occupied with O, and that the reaction
is conducted at very low conversion; simplify the above expression and determine the reaction
orders with respect to Ho, O and HyO5.
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¢) Derive an expression for the apparent activation energy under these conditions.

d) Derive also an expression for the apparent activation energy in the high-temperature limit
when the surface is nearly empty.

Methanol synthesis can proceed in the direct pathway by fourfold hydrogenation of CO
to methanol. For this process, a catalyst is used which contains two types of active sites
indicated by 6 and 7. The active sites have a specific surface topology by which carbonaceous
compounds, i.e. CH;O, can only adsorb on site 6, but H can adsorb on both these sites. An
asterisk (¥) is used to indicate adsorbed compounds on site 6, whereas a pound sign (#) is
used to indicate adsorbed compounds on site 7.

Assume the following:

Methanol is formed by threefold hydrogenation of C to CH,0 and finally hydrogenating
the O moiety to form methanol.

The rate-determining step in this reaction is the hydrogenation of CHO to form CH, 0.

The rate-determining step is irreversible and the system is assumed to operate in the
zero conversion limit.

Hydrogen adsorbs dissociatively at both the 6 as well as the 7 site. These sites are
oriented in such a fashion that a single hydrogen molecule cannot adsorb on both these
sites simultaneously.

There is no migration of H between the 0 and 7 sites.

All elementary reaction steps on the surface, i.e. between CH,O* and H#, proceed
between the two different active sites.

Although H* will not directly react with any CH, O* species, the adsorption of H* does
result in an inhibiting term which needs to be modeled adequately.

a) Construct the set of elementary reaction steps that define this chemo-kinetic network. Use
an asterisk (*) to indicate 6 sites and a pound sign (#) to denote 7 sites.

b) Derive the Langmuir adsorption isotherm for dissociative adsorption of hydrogen on the =
sites.

c) Derive an expression for the overall reaction rate as a function of the partial pressures of
the reactants, the reaction rate constant of the rate-determining step and the equilibrium
constants of the relevant elementary reaction steps. Identify the inhibiting term corresponding
to adsorption of H on a 6 site.

d) Derive the reaction order in Hy and in CO.
€) Derive the apparent activation energy as a function of the relevant partial surface coverages.
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Introduction

Fundamental to the construction of microkinetic models lies transition state theory, which
describes the reaction rates of elementary reaction steps. To get a sound understanding of this
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theory, first a short introduction into statistical thermodynamics is given. Next, the concept
of partition functions is explained and the relevant partition functions for molecules (i.e.
translational, rotational and vibrational) are derived.

Transition state theory was derived by Henry Eyring in 1935, building upon the earlier
works of Max Trautz and William Lewis based on the kinetic theory of gases, known as
collision theory. Since collision theory serves as a pedagogical introduction to the topic of
transition state theory, we will also briefly discuss it in this chapter.

At the end of this Chapter, you are able to identify the degrees of freedom of molecules
in order to calculate their partition functions. From there on, you are able to construct rate
expressions from first-principles employing transition state theory. From here on, you can
use this methodology to obtain quantitative rate constants necessary for the construction of
microkinetic models.

Statistical method

On the basis of quantum chemistry, it is well known that by means of the Schrodinger equation
the microscopic laws of a particle or a system with a number of particles (IV ~ 100) can be
defined. The question now arises what the observable properties are of a system containing
an extremely large number of such particles. That is, we want to discuss the relationship
between these microscopic dynamics and the observed properties of a large system.

The task of solving the Schrodinger equation for a many-body system (say N = 1023 par-
ticles) is daunting to say the least and far from feasible for modern day computers. However,
although one might think that the complexity and perhaps the obscurity would increase by
increasing the number of particles, the opposite is true. It is already known from thermo-
dynamics that a large system can be modeled by only a handful of parameters and we can
consider macroscopic systems to be quite orderly.

We shall assume that the distinctive regularities are a consequence of the statistical laws
governing the behavior of systems consisting of very many particles. Therefore we will avoid
direct evaluation of the precise N-particle dynamics and assume that probability statistics
provide the correct description of what we see during a macroscopic measurement.

We assume that we could observe a many-body system in a particular microscopic state.
Such a characterization would require a huge amount of variables. So we will assume that
that our system is quantal and obeys the Schrédinger equation:

) = H 1) (1)

To specify the state |+) the system is in, we would require a number of variables of the
Nth order, where N is the number of particles in the system. To exemplify, if we would
consider the stationary states

H|Yv) = Ev [¢v) (2.2)

then the index v would represent the collection of quantum numbers specifying the
state |+, ). The space spanned by all the state vectors |1)) is termed the Hilbert space. The
equivalent term for classical systems is a Phase space.

Time evolution in the above-mentioned Hilbert space is governed by time-integration of the
time-dependent Schrédinger equation. The path through the Hilbert space that encompasses
the set of microstates is termed the trajectory. If we fix the total energy E, the total number of
particles NV and the total volume V' of the system, then the trajectory will move on a "surface”
of state space, although the dimensionality of this space is still enormously high.
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The basic concept within statistical mechanics is the following: If we wait long enough, the
system will eventually flow through all the microscopic states consistent with the constraints
we have imposed to control the system. If this is the case, then any observable property G
asserted from measurements is given by

1 N
Gobs = N Z Ga (2‘3)
a=1

where G is the ath measurement whose time duration is so short that it can be considered
that the system is only in one microscopic state. If this is the case, then we can write G, as

Gops =3 || G (2.4

v

where ny is the number of times the state v is observed in N observations and Gy, is the
expectation value for G when the system is in state v. After a considerable amount of time,
when all possible states have been visited, we can define the probability or fraction of time
spent in v and rewrite equation 2.3 as

Gobs = Y _ PG, (25)

where Py, is the probability of finding the system in state v.

From this we can formulate the following. If the system is of considerable size (i.e.
N = 1023) and we perform measurements long enough, then the time average (eq. 2.3)
equals the ensemble average (eq. 2.5). Dynamical systems that obey this equivalence are said
to be ergodic. Although it is difficult to establish whether a system is ergodic, it is thought
that this property holds for many-body systems encountered in Nature.

This leads to the following postulate:

Postulate 1. The (long) 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 — oo, provided that the system of the
ensemble replicates the thermodynamic state and environment of the actual system of interest.[2, 3, 4]

Maxwell-Boltzmann distribution law

As was pointed out in the previous section, during a measurement of a microscopic system, a
time average would give the same result as an ensemble average. To quantify this idea, we need
to define our ensemble as well as the probability or distribution of the various microscopic
states leading to a second postulate:

Postulate 2. In an ensemble (N — oo) representative of an isolated thermodynamic system, the
particles in the ensemble are distributed uniformly, that is, with equal probability or frequency, over
the possible quantum states consistent with the specified values of N,V and E.[2, 3, 4]

With the above assumptions, the number of possible states or probability 25 for a given

EandVis

ng

QD:N!H%, (2.6)
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where N is the total number of particles, the product loops over all possible states i, g;
is the degeneracy of state i and n; is the number of molecules (or particles) put in state
(occupancy number). Moreover, the total energy of such a system would be the sum of the
energies of the individual molecules:

E = Z n;€; (27)

where 7 loops over each of the molecules, ; is the energy per molecule and n; is the
number of molecules 4.

Before we continue deriving the Maxwell-Boltzmann distribution, let us first explore the
concept of thermodynamic probabilities. Consider a system consisting of three micro states
(A, B, C) of the same energy (i.e. threefold degenerate). What are the probabilities of having
three particles (1, 2 and 3) distributed equally over all three states over having all particles in a
single micro state? The total number of probabilities can be easily calculated using equation
2.6 which yields

33
Qp =315 =21 (2.8)

To determine how many configurations there are for having all three particles in different
micro states, consider the following rules for Maxwell-Boltzmann statistics.

+ You can put zero or more particles in any given micro state.

« All particles can be distinguished from each other

There are six different configurations wherein each micro state has a single particle
1. A1ByC3g
2. A1B3Cs
3. A2B1C3
4. A2B3Cy

5. A3B1Co
6. A3BsCy

On the other hand, there are only three different configurations wherein a single micro
state has all three particles

I. A172’3BC
2. ABy93C
3. ABC123

This simple example shows that we expect that a configuration wherein the particles are
spread out over the different micro states is more likely (i.e. it has more probabilities) than
a configuration wherein all three particles are in a single micro state. Let us now use this
concept to derive a general expression for very large systems.

If all states associated with a certain £ and V' value are equally probable, then the most
probable state is the one where Qp has the largest value. Thus, it is required to find the
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values for ny,no, - - - ,n; which make Qp (from eq. 2.6) a maximum. Therefore, we try to
& obtain the values for n; which gives
5
w Mp
52 =0, (29)
n;

for all n; under the restriction that the values for n; adhere to equations 2.10 and 2.11.

ny +n2+...EZni =N (2.10)
i

niel +ngeg + ... = Zniei =F (Z.II)
4

where N are the number of particles and FE the energy of the system as assumed by
properties of the system mentioned at the beginning of this section.

By changing the values of ny, ng, - - - n; with a small amount dn;, the value Q p is changed
by the small amount 9 p:

aQp = p onq + %p Ong + -+ %p on; (2.12)
ony ong on;

According to equation 2.10, the above gives

ony+0ng+---+0n;+---=0 (2.13)

and similarly equation 2.11 yields

€10n] +€0ng +---+e€10n; +---=0. (2.14)

Maximizing Q) subject to these restrictive conditions can be done by means of Lagrange’s
method’ of undetermined multipliers. We therefore introduce two new variables 3 and v by
which we obtain

o0 = <<”QD S 661> ony + (‘(’QD - m) ons (2.15)
ony Ong
o0
bt (22 ey oms (216)
on;

When Qp has a maximum value, i.e.

oNp =0, (2.17)

the values of n; must therefore be such that the right-hand side of equation 2.15 vanishes.
Suppose that we choose arbitrary values for Ong, dny, -+ ,0n;, - - -, then Onq, Ong should be
chosen in such a way that equations 2.13 and 2.14 hold. Since equation 2.15 holds for any ~
and B, let us choose values for v and 3 such that:

'See Appendix B.5 on 131.
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o0

TD — v — Ber = (2.18)
n1

o0

52 Dy Bey = (2.19)
n2

The only way to ensure that the right-hand side of equation 2.15 is zero for any small
values of Ong, Onyg, -+ ,0n,, - - - is to equate all values between the brackets to zero, which
generalizes to

Np
on;

—v—Be=0({=1,2,3,---). (2.20)
By not minimizing Qp but In Q2 p instead, we obtain

9In(Q
omm@p) _

on; —Be; =0 (2.21)

By applying Stirling’s approximation (see appendix B.1) to equation 2.6 we obtain the
following equation

nQp=NInN-N+> (n;lng;) = (n;lnn; —n;) (2.22)

% [

and taking the first derivative of the above yields

OlnQp
on;

=Ing; —Inn;. (2.23)

By combining expression 2.21 and 2.23 this yields

Ing; —Inn; —v— B¢ =0 (2.24)

and with some rearranging, this gives

Inn; =Ilng; — v — Pe;. (2.25)

Finally taking the exponent on both sides, we obtain

iy = ge Ve Pei (2.26)

Note that the above equation is the Maxwell-Boltzmann distribution law, which gives the
values for each m; for the most probable distribution of molecules among the energy levels.
We will be using this result in the next section to define the entropy of a system and the
concept of partition functions.

On the basis of equation 2.13, the sum of the most probable distribution of molecules
should be equal to unity, thus giving:

& CHAPTER 2
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b —
& > =N, (2.27)
S i
o
@ where 7; is the number of particles in state ¢ for the most probable distribution Q.
Furthermore,
N=gre Ve P fgoe Ve B2 ..y ge e Pe 4. (2.28)

= e_’Y Zgie_ﬁﬁi
A

Hence,
. N N
¢ T Time P F (229)
where
F=3"gie Pe (2:30)
7

The sum f is coined by Planck as the Zustandssumme, but is also called the molecular
partition function or sum-over-states. The term partition function becomes obvious when
one wants to evaluate the most probable number of molecules in two different levels, for
example:

T _ gie~Ps

(2.31)

o gje_ﬁe"

In other words, for a given assembly of particles, the partition function shows how the
molecules are allocated among the different energy levels or equivalently, how the total energy
is partitioned among the molecules.

The only remaining matter is to define 8. From thermodynamic considerations it is
obvious that there is some relation between the value 3 and the temperature 7'. In order to
give a clear relation between T  and 3, the absolute thermodynamic temperature [4, 5] needs to
be defined according to:

dQ =TdS (2.32)

wherein dS is the increase in entropy of a system when it adsorbs reversibly an amount
of heat d@ at the temperature 7. By defining the above, from experimental observations, the
relation between 3 and T is given by

1
B= kbiT (2-33)

where ky, is the Boltzmann constant. Thus, the partition function becomes

> : (2:34)

_ . €i
f= zi:gzeXP (ka
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Partition functions of subsystems

Sometimes it makes sense to calculate the overall partition function of a system by considering
the individual partition functions of its subsystems. If a system can be divided into N
subsystems with negligible interaction, then the overall partition function is given by

z=I11s (235)

For example, the total partition function for an ensemble of N distinguishable particles
which all have the same partition function, the overall partition functions can be calculated
from the product of the partition function of its subsystem. If the partition function of each
of these subsystems is the same, the overall partition function is given by

z=fN. (2.36)

If the subsystems are identical particles?, which are impossible to distinguish from each
other, the partition function is calculated by

fit
o (237)

which reduces to

N
Z = J;v—!, (2.38)

when the individual partition functions for the particles are the same.

Thermodynamic variables

The usefulness of the partition function becomes clear when we wish to calculate any thermo-
dynamic properties. Such properties are the ensemble averages as given by

=> Vipi, (2:39)
[

where V; is the thermodynamic value V for micro state i and p; is the probability of micro
state i. For the total energy E for a system, this becomes

- Z €D (2.40)

ZZ “ep ( > (2.41)
>oiexp (

— W (2_42)

= kyT? aah}f . (2.43)

*We mean with identical here in the quantum mechanical sense.
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Other useful relationships between the partition function and thermodynamic variables

& are for the entropy

&

- S =kylnQp (2-44)
= (T ), (245

the pressure p

p=n7 (%), (2.46)

ov

and the chemical potential x

dln
w=—kT ( aNf) : (2.47)

The equilibrium constant K for a reaction A + B = C + D can be defined as

fefp —AGpR
K = = eX . . 8
falB ep( ky T ) (249

Here we introduce a simple example to illustrate the above. Consider two systems (A and
B) which each have two states separated by an energy e and where the ground state energy of
Alies e lower in energy than system B. The partition function for system A is then given by

fa= Zgi exp <— k:T> (2-49)
=1+ exp(—kbLT) (2.50)

and for system B by

fB= Zgi exp (— ij) (2-51)

€

= el

2¢

)+eXP(*kTT)~ (2:52)

In Figure 2.1, the partition function of A and B as well as the occupancy (n) of energy
states Ag and A; are shown as function of temperature. At very low temperature (please
note the logarithmic plot), only the ground state of A is occupied as this is the lowest state.
With increasing temperature, the first excited state of A becomes increasingly occupied. At
very high temperature, system A is half the time in the ground state and half the time in the
first excited state. From the ergodicity principle, this is the same as saying that if we would
construct a large ensemble of particles of A, half of these particles would be in the ground
state and half in the first excited state at any point in time. These occupancies are reflected by
the partition function of A. As at low temperature only the ground state of A is occupied, the
partition functions equals unity as this is the only state that A can reside in. With increasing
temperature, the first excited state of A becomes accessible and hence the partition function
increases towards a value of 2 with increasing temperature.
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partition function f or occupancy n (dimensionless)

Figure 2.1: Partition function f for system A and B and occupancies of the energy states of A as function of
temperature.

For system B, a similar reasoning is valid. Since the ground state of B lies higher than the
ground state of A, at very low temperature it is unoccupied. Hence, the partition function of
B is around zero at very low temperature as there are no states the system can occupy and
hence there are no configurations possible. With increasing temperature, both the ground
state as well as the first excited state increase in occupancy and the total partition function for
B increases towards 2.

We can define an equilibrium between A and B with a corresponding equilibrium constant

exp(— o) + e~ 25)
=z _ 2 Rl BT (253

K = =
fa L+ exp(— o)

The value for the equilibrium constant K as function of temperature is depicted in Figure
2.2. Herein, we can see that at very low temperature the value for K is almost o as at this
temperature only states of A are occupied. At the very high temperature limit, all states of A
and B are equally occupied. This is reflected by K, which has a value of unity.

We could for example also calculate the average energy, which for system A would be

= 7@(})(71%%) - (2:55)
1+ exp(— kbLT)
and for system B
Ep = k,T? (8;;]0) (2.56)
_exp(— ) e +ex(— ) 2 (2.57)

exp(— ip) + exp(— 27
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Figure 2.2: Equilibrium between A and B as function of temperature.

Careful examination of the above two formula shows that the average energy is simply
the occupation fraction of a particular state multiplied by the energy of that state. This is
of course exactly what you would expect for the average energy. At the lowest temperature,
the average energy of a molecule corresponds to the energy of the ground state and with
increasing temperature, the average energy increases as well as more states at higher energy
are occupied.

From the above, it should be clear that once the partition function of a system has been
defined, we are able to calculate many meaningful thermodynamic properties. In the next
section, we will look into more detail what constitutes the partition function for molecules
and which corresponding energy terms are relevant.

Partition functions for molecules

In section 2.3 we derived the formula (eq. 2.34 for the partition function for a Maxwell-
Boltzmann distribution. To evaluate the partition function for a molecule, we need to investi-
gate the possible energy levels inside a molecule. The total molecular energy e is composed
of a series of energy terms

€ = €trans T €yip T+ €rot + €¢ + €nuc, (258)

where etrans, €y, €rot, €¢], and enuc are the translational, vibrational, rotational, electronic
and nuclear energies, respectively. All these energies are evaluated with respect to the lowest
state allowed, thus we can refer to the energy e as the zero-point energy or residual energy.
This definition has particular consequences for the evaluation of the vibrational energies,
which we will see shortly.

Furthermore, each of these energies can be coupled to a partition function, thus we obtain
translational, vibrational, rotational... partition functions, by means of the following equation

k

fr = ex I 2.
b Z P | &r (2:59)
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where k can be any of the above mentioned types (translational, vibrational...).

Remember that a partition function represents the number of configurations possible
at a particular energy. From this definition, it should be apparent that the total molecular
partition function is simply the product of the individual partition functions3 as given by

Jrotal = H fi- (2.60)

Simply speaking; if a molecular has = configurations given a translation energy €trans and
y configurations for a vibrational energy e, the total number of configurations are z =z - y
as the translational and vibrational configurations of the molecule are independent of each
other.

The number of configurations for each type of partition function critically depend on the
temperature as is evident from equation 2.31. As such, the number of configurations for each
energy term differs significantly. The energy of the excited nuclear states is extremely large as
compared to the ground state and for almost all terrestrial purposes (relatively low T'), only
the ground state of the nuclear energy is occupied. Therefore, within this work, we assume
that the influence of the nuclear partition function is negligible and that the term cancels out.

For the electronic excited states we will provide a similar reasoning. On average, the
electronic states are separated by about 2eV (equivalent to a wave number of 15000 cm—1).
Therefore, for low T, only the ground state is occupied and the electronic partition function
is equal to the ground state electronic energy.

That leaves us to derive the partition functions for translation, rotation and vibration,
which will be covered in the upcoming subsections.4

Translations

The translational kinetic energy of a molecule confined to a rectangular box of dimensions a
x b x ¢ depends on three quantum numbers, p, r, s as given by the following equation:

h2 p2 r2 $2
P g (az Tete (261

where h is Planck’s constant and m is the mass of the particle and the labels p, r, s are
particular translational quantum states such that

Fuaans = fafyfs = Ze—m(?)/ka Ze—ey(r)/kaZe—ez(s)/ka (2.62)
p T s

Combining the two equations 2.61 and 2.62 yields

2 2 2
s = 30 A 3 B3 69
p=1 r=1 s=1

where A, B, C are

3Similar to how we evaluate the overall partition function given a set of partition functions for its subsystems as
shown in section 2.4.

#To get a feeling of the values and meaning of the translational, rotational and vibrational partition functions, have a
look at exercise 2.4 on page 68.
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g K2 .
& A= ——— 2.
ES 8ma2kyT (2.04)
w 2
h
B=——75— (2.65)
SmekaT
h2
C=—F— (2.606)
8mc2k, T

Now assuming that the quantum states are a continuum and we take into account all the
quantum states (up to infinity), than we can approximate the sum over states by an integral as

O Ap? B2 0 2
ftrans:/O e P dp/O e T dr/0 e ds. (2.67)

By applying the standard integral

1
- 1
I= /0 e’ dz = % (g) ’ (2.68)

the expression for the translational partition function becomes

3 3
2mmkyT) 2 abc 2nemkyT)2 V
ftrans = ( 23) = ( hb3 ) . (2'69)

Note that the above formula covers the full three-dimensional partition functions, however,
in further chapters it is convenient to use the translational partition function for a single
dimension. In that case, the equation reduces to:

L\/2mmkyT

- (270)

f trans =

2.6.2 Vibrations

To obtain a value for the vibrational partition function, we will first elaborate how the vibrational
partition function is obtained for a diatomic molecule and continue to extent this result to
polyatomic molecules. Let the equilibrium internuclear distance be rg. Then according to
Hooke’s law, perturbation in this internuclear distance r gives result to an increase of the
potential energy of the molecule by:

V= %k (r— r0)2 (2.71)

where k is the force constant.
The variation of r with time is in classical mechanics the simple harmonic motion, for
which the frequency w is given by

w:i k (2.72)
2r\l
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where p is the reduced mass of the molecule

mamp
p=—— (2.73)
myg+mp
and m 4, mp are the masses of the two nuclei.
The permitted vibrational energy levels are found according to quantum mechanics to be

1
&ib = (V + 5) hw (2.74)

where v is the vibrational quantum number which can have any non-negative integer
value.

As explained in the beginning of this section, the vibrational energy is evaluated with
respect to the lowest accessible vibrational state, thus losing the term % in the value for the
vibrational energy e.;,. Therefore, we can write the vibrational energies as

Evib = vhw (2.75)

hence the partition function for a diatomic molecule is

o0
fab= emvhe/keT (2.76)
v=0

To evaluate this summation, the right hand side of the above equation is written as

e*l/hw/ka — IV (277)

and equation 2.76 can be written as

oo
fvib:Zz”:1+x+x2+m3+w4+~' (2.78)
v=0

This type of an infinite series is known as the geometric series (see section B.4 in the
Appendix), which converges to

1
fib = PRy (279)

The quantity hw/k;, has the dimensions of temperature and is often denoted as the
characteristic temperature for vibration and written as ©, so that we can rewrite the previous
equation as

1
Fib = ——7= (2.80)
V1 1 _ e7(__)//1“

The question that now arises is how to define equation 2.80 for a polyatomic molecule. For
any given (non-linear) polyatomic molecule with a fixed centre of mass, 3\ — 6 independent
coordinates can be given for the relative position of each atom with respect to one another,
where N is the number of atoms within the molecule.
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The positions of the nuclei are defined by a set of coordinates g;, by means of a change of
basis, these variables g; can be transformed (or rearranged) in such a way that the potential
energy of a molecular configuration, relative to that of the equilibrium configuration, can be
expressed as:

3N —6
V=Vi+V+Vs+-+Vany_g= >V (2.87)
i=1
where
_1 0)2
vi= ok (0 —of) (282)

where k; is the force constant and q? the equilibrium value of ¢;. 5

Coordinates chosen in such a way that equations 2.81 and 2.82 are valid are termed normal
coordinates. The associated frequencies of these normal coordinates are similar to those of
the diatomic molecule as given by equation 2.75 and are termed the normal modes.

Considering that we are dealing with 3N — 6 normal modes for a given polyatomic
molecule, we can rewrite equation 2.80 for the full vibrational partition function as:

3N—-6

Fvib = H

1
1 .-6.T (2-83)

However, it is more convenient to use the vibrational partition function per normal mode,
which is given by:

1

feib = 1 o hujreT (2.84)

To conclude this subsection, a small note is in order here. In the beginning of this section
we mentioned that we wrote, by definition, the partition functions with respect to the lowest
accessible state allowed. This means, that we write the vibrational partition functions with
respect to the zero point energy. The true vibrational partition function however, has this zero
point energy term in the numerator and looks like:

o—hw/2k, T
Fib = 1 o hw/kT (2-85)

© Remember

Whether or not the vibrational partition functions are defined with respect to the zero
point energy or to the true electronic ground state, has an important consequence
for the definition of the activation energy in transition state theory.

5For a linear polyatomic molecule, the number of independent coordinates is given by 3N — 5, leading to only
3N — 5 vibrational degrees of freedom. This is explained in more detail in section 2.9 on 65.
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2.6.3 Rotations

Finally, we have to define the rotational partition function. The rotational energy for a diatomic
molecule is given by

J(J +1)h?

Cotl(J) = T ga27 (2.86)

where J is any non-negative integer and I is the moment of inertia about an axis per-
pendicular to the molecular axis passing through the centre of mass of the molecule. As
the energy level €, 7)1s degenerate with degeneracy grot = 2J + 1, the rotational partition
function is

(oo}
frot = Z (2J+ 1)67J(J+1)h2/87r2]ka (287)
J=0

Similar as for the translational partition function, we replace the sum over states by an
integral, thus obtaining

o0
frot = / (27 + 1) T JFDR* /872 IR T 4 (2.88)
0
yielding
82Tk T g
frot = 2z (2.89)

The above result is for a diatomic molecule. Furthermore note that this partition function
contains both degrees of freedom (i.e. in two dimensions).

Just like we have seen for the vibrational frequencies, a part of the above formula has
the dimension of temperature and we can define the characteristic temperature for rotation
represented by Oyt as

h2
Orot = —5—— 2.90
ot = 25 Thy (2.90)
which turns equation 2.89 into
T
frot - Orot (2"91)

Note that the above derivation accounts for diatomic molecules. For polyatomic molecules,
without further derivation, the rotational partition function is given by

(kT 32 —=
fYOt - (K) m7 (2'92)

where I 4, Ig, I, are the moments of inertia around the three orthogonal rotation axes
A, B and C.[6]
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Figure 2.3: Schematic depiction of the cylinder space swept out by molecule A. All molecules whose center are
within the volume as defined by the cylinder will undergo a collision.

Collision theory

Before we discuss transition state theory and derive the corresponding rate equation within
this theory, we will first treat collision theory which is a somewhat simpler theory enabling us
to calculate reaction rates, yet conveys a lot of important principles behind transition state
theory.

Consider a mixture composed of molecules which are able to react with each other. Let us
furthermore assume that these molecules can be represented as rigid spheres with diameters
o 4 and o g for two types of molecules A and B with n 4 and n g the corresponding number
of molecules per cubic meter. We can then define a bimolecular collision as the situation
where there is contact of the surfaces of the two spheres.

We wish to calculate the number of collisions per second for one molecule of A. For a
mixture of A and B, we can consider that one molecule of A will be moving in an arbitrary
direction 7 with a mean velocity relative to a molecule of type B. A collision between A and B
will occur in the situation wherein the center of molecule B is at a position within a distance
oaB = (04 +0op) /2 of the line of flight of the center of molecule A during the passage of
A. This is schematically depicted in Figure 2.3.

The total number of collisions of molecule A with those of type B per second can then be
estimated from the volume swept out by a sphere of radius o 4 g multiplied by the number of
molecules of type B per cubic meter, ng. The required volume is

V= FU%B? (2.93)

and the collision number

2 _
Neol = TOABTNB (2.94)

Maxwell-Boltzmann velocity distribution

The appropriate mean relative velocity 7 can be calculated from the distribution of the velocities
of molecules A and B. For this, we need to know the distribution of velocities of A and B, which
can be obtained as special cases of the Boltzmann distribution of energy as given in equation
2.31. According to the latter, the probability that a molecule is in a level of energy ¢; and
statistical weight g; is proportional to g; exp (¢;/kgT). The probability may be represented
by dn/ng, where dn is the number of molecules with energy ¢; and ng is the total number of
molecules in the mixture.

Velocity has three components, i.e. in the #, y and # direction. The translational energy
in each of the directions is given by

1

€ = 5mi2’ (2.95)

where m is the mass of a molecule and 4 is the first derivative towards time of the position
in the & direction. The statistical weight is the volume in phase space in units of hf for f
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degrees of freedom, which is given by

mdz dx

9i=—7—: (2.96)

Therefore, the fractional number of molecules with = component of velocity between &
and & + dz and z coordinate between z and z + dx is given by

dn mdz dx —mi?
— =4 exp ) (2.97)
dno ]’L QkBT

where A is a proportionality constant to ensure that the total fraction of molecules is unity
(i-e. a molecule has to have a specific velocity). A can thus be determined by integrating
with respect to # and z over their complete ranges from —oo to oo and 0 to a, respectively,
where a is the length of the corresponding edge of the container in phase space, which is here
assumed to be rectangular. Thus, we can find A by solving the following integral

dn Aam [° —ma? Aam [2wkgT
—=1= exp = (2.98)
dng h —0 2kgT h m

and thus

A=l (QﬂkaT)71/2 (2.99)
a

by which the final result is

1/2 .5
dn m —mT .
— = — exp dz. (2.100)
dno 27Tk)BT QkBT
In three directions, the result is simply
3/2
dn m / —mu? o
— = — exp dz dydz, (2.101)
dng 2nkgT 2kpT
where
v= | =/22 + 92 + 22. (2.102)

Equation 2.101 can be rewritten for the case that we are not interested in which particular
direction the molecules are moving, but only in their absolute velocity. The "volume” element
di dy dz then becomes v? sin ¢ dv dd dp. Integrating over the angles gives

T 27
/ / sinddd dp = 4w (2.103)
0 JO

and applying this result to equation 2.101 gives

3/2 9
dn m 2 —mu
— =47 viexp | —— | de. (2.104)
dng 2nkgT 2kpT
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Equation 2.104 is the common form of the Maxwell-Boltzmann velocity distribution law.

& The average velocity v is obtained by multiplying equation 2.104 by v and integrating from 0
g to oo which gives
5
@
kT 1/2
_— (8 B ) . (2.105)
m™m

If we want to know the mean relative velocity between two distributions, we have to
multiply the two distribution equations 2.101 for each of the two distributions and change the
velocity coordinates to relative velocity coordinates by the following substitution

r? = (¢4 - iB)Q + (94— ZJB)Q + (24— 2'3)2 . (2.106)

Integrating this expression over all directions and velocities and multiplying by r gives
the following mean relative velocity

8kpT\ /2
T= (Ti) , (2.107)

where m in equation 2.105 is replaced by the reduced mass p which is given by

mamp

= . (2.108)
mypg +mpg
Note that in the special case that m 4 = mp =m,
m
=— 2.10
p= (2.109)
and
7 =V27 (2.110)
Finally, we can plug equation 2.107 into equation 2.94 to obtain
8kpT\ /2
Neol = (T) ‘71243"3' (2.111)

From this, we can easily calculate the number of collisions per unit volume per molecule
of type A with molecule B

1/2
8tkpT
ZAB = (ﬂiB) UiBnAnB. (2.112)

In the case that molecule A and B are like molecules, the above equation simplifies to

1/2
Z =2 (M) o?n2. (2.113)

m
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2.7.2 Collision effectiveness
Not all collisions will result in a reaction and there are a number of important factors that
determine the effectiveness of a collision. The most important one we will consider here is
that the molecules that collide should have a minimum energy to overcome the underlying
reaction barrier. This minimum energy corresponds to a minimum velocity and hence we can
calculate using the Maxwell-Boltzmann velocity distribution an effectiveness factor ¢ between
o and 1 such that

r=qZ, (2.114)

where r is the rate of the elementary reaction step and Z is the collision density. If we
consider an energy A Ea: corresponding to the minimum energy of activation by which a
reaction will occur, we can calculate the value q as follows

(2.115)

= 572 - =
o) — Qv
Jo 4”(2W£BT> v? eXP(sz;T)d”
by which the final expression becomes

87’l'kBT 1/2 2 _AEaCt
= —= —_— 2.116
e = (THEL) o pnang e ot (2.116)

- kpT

3/2 2
oo p 3 —pv
S 47 (27TkBT> vTexp (ZkBT) dv ) <AE’act>

for unlike molecules
and

kpT\ /2 —AE
Teol = 2 (Tr B ) o2n? exp —ad (2.117)

m kBT

for like molecules.

2.7.3 Unimolecular reactions

There is a special case which deserves a bit of additional attention. Let us consider a uni-
molecular reaction. You might argue that such a reaction does not require molecules to
meet rendering the concept of collisions as not very useful. For example, in an isomerization
reaction, the molecule itself transforms to another configuration which in principle does not
require a collision.

According to the hypothesis of Lindemann and Christiansen, all molecules acquire and
lose energy by collisions with surrounding molecules. If we assume this hypothesis to be
true, then we can construct the following set of elementary reaction steps for the reaction of
A to P activated by a collision of another molecule M:

k)+

A+ M == Ax+M (2.118)
ky
k‘+

Ax 25 P (2.119)

Note that in the above equation, the asterisk designates an activated complex rather than
an adsorbed species. Application of the steady state approximation to the reaction intermediate
A* yields
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d[Ax]

== ki [A][M] — k3 [Ax] — k] [Ax][M] = 0 (2.120)
KA
[Ax] = 7@_ k] (2.121)

and hence the rate of reaction becomes

d(P] ki ky [A][M]
—_— = = (2.122)
dt  kJ +ky [M]
For a mixture only containing A, [M] is [A]. In other words, the reaction of A to P is
activated by a collision with another molecule of A and hence

d[P] _ k;rk;[A]Q (2.123)
dt k3 4k [A]
For sufficiently high pressures of A, this reaction will be first order. However, in the low
pressure regime the above equation can be approximated by

4412
% = ]ilk27[i4] ~ k;r[A]2. (2.124)
k3 + kT [A]

The above dependency of the rate on the pressure can be verified by experimental means
and it was found that the equation holds for several isomerization and decomposition reactions.
Interestingly, this implies that unimolecular reactions in fact do not exist at all, because
collisions with surrounding molecules are needed to bring the reacting molecule to a suf-
ficiently high energetic state that it is capable of crossing the reaction barrier of the elementary
reaction step.

Transition state theory

Within this section, we will derive the formula for the chemical rate using transition state
theory. In principle, many similar derivations exist.[4, 7, 8] Here, we will employ a derivation
wherein we assume that the reaction coordinate can be modeled as a translation.®

To derive a general formula for the reaction rate constant, let us introduce a simple model
system. In Figure 2.4, the potential energy surface of the three-body complex H-H-H for the
reaction Ho + H — H + Hy is shown.[9]

Within this Figure, the two dark regions (denoted by A and B) designate the stable states,
being the complex H g-H with the atomic hydrogen H 4 far away and the situation where
H, — Hp are bonded and H as atomic hydrogen. One can construct a path between these
two states (regions) as denoted by the dotted white line. This path that connects the two
stable states wherein all the points on the path are higher in energy than the two stable
states represents the reaction coordinate. At the center of this line lies a meta-stable state
which is termed the transition state (denoted in the Figure as TS). The transition state is
characterized as being a maximum in energy along the trajectory of the reaction coordinate
and a minimum in all other directions (i.e. in any direction perpendicular to the reaction

SThere is a somewhat simpler derivation, but we leave this as an exercise to you. See exercise 2.12 for an alternative
derivation of the Eyring equation on page 70
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Figure 2.4: Potential energy surface of the one-dimensional tri-atomic hydrogen system. r o g and g are the
distances between H 4 and Hp and between Hp and H, respectively. The white dotted line indicates the

reaction coordinate of the elementary reaction step wherein a hydrogen atom is transferred between the two other
hydrogen atoms.

coordinate). In mathematical terms, such a point on the potential energy surface, which has
different curvatures in different directions, is known as a saddle point.

An illustrative video showing the curvature of the PES of H3 can be found
on Youtube using this link:

@ https://www.youtube.com/watch?v=5y0DQhul-CY

We want to derive a rate constant which is defined as the speed at which species residing
in state A go to state B. Using a statistical assumption, it is obvious that such a rate is
proportional to the number of molecules residing in state A.

rate = k[A] (2.125)

where k is termed the reaction rate constant and has the appropriate dimensions given the
elementary reaction step.” In the derivation, we are going to use the following assumptions:

7This definition for the dimensionality of the rate constant is actually a source of confusion. We will elaborate on the
topic in section 2.10 on page 65.
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1. The transition state and initial state are in thermal equilibrium in such a way that we
can define an equilibrium constant K to describe the ratio of the species between the
two states.

2. The transition state has a particular "width” in the direction of the reaction coordinate
and species have a particular velocity at which they can cross this width.

3. Species that have passed the transition state from the initial state will immediately
move towards the final state.

Given these three assumptions, an elementary reaction step can be envisioned as the
following reaction sequence

Ris = R1s —irrev P (2'126)

for which we can construct the following expression for the reaction rate constant k:

k=vK, (2.127)

where v is a crossing frequency (in s~1) at which species at the transition state migrate
to the final state.8

One could object to the above assumption as although the above is true for a system in
equilibrium, we are looking for reaction rates, which are also valid out of equilibrium. How
can we be sure that the equation 2.127 also holds when we study the transient behavior? From
experiment though, it is found that rate constants do not change when the system approaches
equilibrium[y], therefore, we believe that equation 2.127 holds, irrespective of whether our
system is in equilibrium or not.

Going back to our model system, for the elementary reaction step Ho + H — H + Ho,
the equilibrium constant K can be defined as

/
K= Irs _ fT—SeXp (AEO) . (2.128)
fis fis kpT

Within this equation, A¢ is the zero-point energy corrected energetic difference between
the stable state A and the transition state. fijs and frg are the total molecular partition
functions of the complex (see equation 2.60) in the initial and transition state, respectively.
The prime indicates that we have extracted the electronic partition function including the zero-
point energy correction from the total molecular partition function and used the Boltzmann

equation to construct the term exp (— kA:YQ ) .

For the derivation of v we wish to evaluate some characteristic time 7 for the system to
pass through the transition state (and then set v as the reciprocal value of the average 7).
Given a width § of the transition state and an average velocity v of the species, the time 7 is
given by

T=—. (2.129)

81t is unfortunate that the variable v is also used for the stoichiometric coefficient, but we hope that from the context
it is always clear what v represents.
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Thus, the reaction rate constant equation so far yields

v f{—s A
k=—-""exp . .
5 fls € < kT (2-130)

Next, we extract the partition function corresponding to the reaction coordinate from the
total molecular partition function of the transition state. We have assumed that the partition
function corresponding to the direction of the reaction coordinate is a translational partition
function. By combination of equation 2.70 and the previous equation we obtain

5 5 fl/s kT (2.131)

g ? 5/2mmky T fis (—AE())
=_—————— " exp .

The average velocity v in one dimension can be obtained in a similar fashion as shown
for the Maxwell-Boltzmann velocity distribution in section 2.7.1:

J5C exp (%) idz
J5C exp (7_2229%2) dz

2k, T
=1/ ﬁ- (2.133)

Plugging this equation into equation 2.131, and noting the introduction of the ”2” in the
denominator of the first term as only half of the crossings are from the IS to the FS, yields

(2.132)

[2kp T "
—m_ 0v/2 T -
k= Y m™m y/2mmiyT frs exp (AGO> . (2-134)

26 h s kpT

Note that a second prime is introduced for the total motional partition function for the
transition state to indicate that we have extracted one translational partition function. The
above equation can be rewritten to

i
_ k)BT fTS —A60
k= “h fis exp TBT . (2.135)

Herein, we have dropped the primes and introduced a } to indicate that one partition
function is extracted from the total motional partition function for the transition state.
Equation 2.135 is known as the Eyring equation or transition state theory equation.

2.81 Comparison between Transition State Theory and Collision theory

The fundamental difference between transition state theory and collision theory is that the
latter considers molecules to be rigid spheres and hence only the translational motion of these
rigid spheres is considered. Hence, the degrees of freedom due to rotation and vibration are
not considered in collision theory. Nevertheless, for a diatomic molecule with an internuclear
distance of o 4 g without any vibrational degrees of freedom, transition state theory should
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give the same result as collision theory. If m 4 and m g are the masses of the two reactant
molecules, the moment of inertia I is

maAmpB

I'=oap (2.136)
maA+mp
and thus k can be written using expression 2.135 as
kT fis  (—Be
BT s : (2.137)
h o fis kpT
3 2
_ kBT ft(rar)lsfr(ot) AFact 8
T Th ) 6) TP\ T (2.138)
ftl’al’ls trans
(2r(ma+mp)kpT)%/? 8”2013%76371
= LBT h3 h2 AFyct ol
T h (2rmakpT)3/2 2rmpkpT)3/2 €xp kpT (2.139)
h3 h3
1/2 AL
= 87rchTm 01243 exp ) (2.140)
mA + mp kBT

The above formula is equal to equation 2.116 when multiplied by the number density of
A and B ny - np, showing that both theories provide the same rate expression.

Fundamental objection against collision theory

Despite the fact that collision theory and transition state theory give the same results when the
underlying assumption of collision theory is applied to the choice of the partition functions
within transition state theory, collision theory is in conflict with thermodynamics because it
neglects vibrational and rotational degrees of freedom. This becomes immediately apparent
if we derive the equilibrium constant from collision theory

kT
K=— 2.141
— (2.141)
1/2 _

8nkpT 2 A By s

( jiAD ) 9AB exP( TeT ) (2.142)
8nkpT 1/2 2 X —AFE.qp '
HcD 9¢Cp XP kT

0'2 —
= Ung /ng exp < kig) . (2.143)
CcD

The above formula correctly describes the relation between K and the enthalpy of the
reaction, yet such an expression is only valid at oK or in the case when there is no entropy
change. In principle, this discrepancy could be resolved by introduction of a steric factor P
in collision theory, however such an introduction would result in a loss of the fundamental

understanding.

The potential energy surface

Although covered very briefly in the previous section (see Figure 2.4), we wish to extend our
discussion on the concept of the potential energy surface of a molecule and its degrees of
freedom. Given the geometry of the molecule, an energy corresponding to that that specific
configuration can be defined or calculated. To uniquely define such a geometry, n = 3N — 6
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coordinates for non-linear molecules and n = 3N — 5 for linear molecules need to be defined.
These numbers correspond to the degrees of freedom that the molecule has. You might expect
that each molecule has 3N degrees of freedom, as each atom can be positioned independently
along each of the three Cartesian axes. The reduction comes from the fact that by a change of
basis, three such coordinates pertain to the central position of the molecule (its translation with
respect to an origin) and another three relate to the rotation of the molecule. A linear molecule
only has two unique rotational axes, as it is impossible to define a rotational axis along the
direction of the linearity of the molecule, hence for linear molecules the configurational
degrees of freedom equal 3N — 5. Thus, the energy of a (here, non-linear) molecule is a
function of its coordinates as given by

E = (x0,21, w3n—6) =/ (). (2.144)

And the above function defines the potential energy surface in multidimensional space.
The function f that calculates the energy is thus a map from high-dimensional space to a
scalar value (i.e. the energy) as give by

fiR3N=6 LR (2.145)

Functions that depend on a single variable are easily plotted in a graph. Two-dimensional
functions can be plotted using a contour plot or a heat map. For three-dimensional functions
you could create an isosurface plot, but for any higher-dimensional function you need to
reduce the dimensionality in order to make a plot. Hence, potential energy surfaces can rarely
be depicted in a graph. The reason we are able to construct a contour plot as seen in Figure
2.4 is because the one-dimensional H3 system only has 2 degrees of freedom.

A molecule is considered to be stable when the Cartesian coordinates of its atoms are
in such a geometry that the molecule resides in a local minimum on this potential energy
surface. Such states are often coined initial and final states with regard to elementary reaction
steps. A transition state is defined as being a maximum in one direction, i.e. the direction
of the reaction coordinate, while being a minimum in all other directions on this potential
energy surface. Here, we will address how we can analyze in which particular state (e.g. initial,
transition or final state) a molecule is and what the relation of this state is with regard to its
partition functions.

Mathematically, initial and final states as well as transition states are extrema on the
potential energy surface. Extrema are points where the gradient equals zero:

VE = Vf (1‘0,11,--- ,:L‘3N_6> = 6 (2146)
To identify the type of the extreme, either a local minimum or a saddle point, we need to

probe the second derivatives by constructing a Hessian matrix for which each element in the
matrix is given by

. 8%E . 82f (.7,‘0,3}1,“- 1$3N76>
b 8@‘181’] N 8$18:E] ’

(2.147)

Diagonalization of this Hessian matrix (see page 133) yields a series of eigenvalues and
eigenvectors which are the force constants and the directions for the normal vibrations,
respectively. If all of these force constants are positive, this means that all vibrations are real
(see eq. 2.72) and the molecule is considered to be in a local minimum. To look at this from
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another perspective, in principle the force constants tell us to what extend the energy of a
system increases as a result of a perturbation in one of the directions of the normal vibrations.
If all these constants are positive, this means that by perturbing the molecule in any direction,
its energy will increase. This is another way of saying that the molecule is in a local minimum.
In line with the above reasoning, a transition state is characterized as being a maximum in
energy in the direction of the reaction coordinate, therefore, a transition state should have
one and only one negative force constant. This negative force constant then results in an
imaginary frequency.

This now brings us to the relation of the potential energy surface of a molecule with
respect to its partition functions. The partition functions of a molecule represent the motional
degrees of freedom of that molecule. We can imagine that these motional degrees of freedom
tell us something about the ways the molecule can be represented, or in other words, give us
a number of the different configurations a molecule can have. Therefore, it is obvious to see
that motional degrees of freedom add to the entropy of the species. Every molecule has 3V
partition functions. If the molecule is in the gas phase and is linear, it has 3.V — 5 vibrational
degrees of freedom. When the molecule is not linear (and in the gas phase), it has 3N — 6
vibrational degrees of freedom. Linear molecules have one vibrational degree of freedom
more than non-linear molecules in exchange of having one rotational degree of freedom less.
Both linear as well as non-linear molecules have three translational degrees of freedom.

In contrast, molecules which are in the transition state have exchanged one of their degrees
of freedom into an imaginary frequency. This imaginary frequency is represented in the
Eyring formula (eq. 2.135) by the term % To derive a formula for the macroscopic rate for
any elementary reaction step, one needs to identify the different degrees of freedom for initial,
transition and final state in order to establish the required partition functions as well as the
difference in energies between the states on the potential energy surface (i.e. the reaction and
activation electronic energies). For the most basic types of reactions (adsorption, desorption
and surface reaction), this procedure is discussed in the next chapter.

Dimensionality of equilibrium constants and reaction rate constants

From section 2.5 it should be clear that the equilibrium constant K is dimensionless. This
is in contrast to many textbooks and articles wherein a unit is reported for the equilibrium
constant, where it seems that the unit actually depends on the particular reaction. For example,
one could define an equilibrium constant K for the gas phase reaction A + B — C as

K= PC

= , (2.148)
pPAPB

which should clearly have the dimensionality of inverse pressure (e.g. bar—1!). The dif-
ference lies in whether K is a so-called standard equilibrium constant or not. The key word is
standard. A standard equilibrium constant, often denoted with a superscript "o”, refers to an
equilibrium constant given a particular standard (e.g. at 7' = 293.15K and p = 1 atm). The
standard equilibrium constant is defined as

_ 0
KO :exp< ]:gr> = : alt, (2.149)

where a; refers to the activity of species 4. For ideal gases, the activity is given by

P;
aq = %‘1787 (2.150)
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where pY is the standard pressure and ~; is the activity coefficient. As these activities are
(made) dimensionless, so is the equilibrium constant.

Similar to the equilibrium constant, we can also define reaction rate constants in the
forward and backward direction for the gas phase reaction A + B — C. The forward and
backward rates are defined by

PAPB (2.151)

r =k po. (2.152)

To construct any meaningful mass balance, »+ and »~ should have the same units.
This can only be achieved if the unit of T and £~ differs. But if that is the case, than the
equilibrium constant K is no longer dimensionless, since

kT
K= = (2.153)

Again, the solution lies in the definitions. For reaction rates, we typically use pressures
and concentrations, but in principle we should use activities and the forward and backward
rates should be

rT =kTayap (2.154)
and
r- =k ac. (2.155)

However, as activities are assumed to scale linearly with concentrations and pressures and
since the same standard is applied to all species, we often loose the strict definition for the
sake of convenience. Thus, on the basis of the Eyring equation (equation 2.135), the reaction
rate constants should have the unity of s~ 1.
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Questions and Exercises
The answers to the questions and exercises are given at the end of this book in Appendix C

(page 135).

Questions

a) What type(s) of partition functions are relevant to chemistry? How do these types differ?
To what kind of configurational freedoms do they relate?

b) What are the units of a partition function?

Exercises

The exercises are marked by a number of gears to indicate their difficulty levels.

Exercise 2.1 m

Consider the equilibrium for the dissociation of A in B and C according to

ASB+C (2.156)

A has four energy levels. One ground state, two degenerate excited states A E above its
ground state and a second excited state 2A E above the ground state. B has two energy levels
of which the lowest energy level is A E above the ground state of A and another energy level
that lies 2AE above the ground state of A. The ground state of C lies at the same level as the
ground state of B. Furthermore, there are two degenerate excited states that lie 2A E above
the ground state of C.

a) Provide the equilibrium condition for this system.
b) Express the equilibrium constant K in terms of the partition functions of A4, B, and C.

c) What are the limiting values of K at zero and at infinite temperature?

Exercise 2.2 m

A molecule A has two energy states separated by AE.

a) Derive an expression for the partition function of A and calculate the value of the partition
function at o K and infinitely high temperature.

b) Suppose that A is in equilibrium with its isomer B which has the following energy levels
with respect to the ground state of isomer A: AE/2, 3AFE /4 and AE. Derive an expression for
the equilibrium constant K and compute the limiting values of K atlow and high temperature.

Two isomers A and B are in equilibrium and possess the following spectroscopically
determined energy levels
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A =iAE (2.157)
eiB = (% + 1) AE (2.158)

withi =0,1,2,3,....

Provide an expression for the equilibrium constant for the isomerization between A
and B as a function of temperature and provide values for this constant at 7' = 0.1AE /ky,
T = 2AE/ky, and T = 10AE/ky, and at infinitely high temperature. You will get an infinite
geometric series for which an exact solution is known. If you forgot about geometric series,
have a look at Appendix B.4 on page 131.

a) Calculate the translational partition function of a Ny molecule at 298 K in a container
sized such that it contains one mole of ideal gas.

b) How does girans change with temperature, pressure and volume?

¢) The wave number for the stretching frequency of Ny is 2330 cm™—1!. Calculate the vi-
brational partition function corresponding to this vibrational mode and with respect to the
vibrational ground state.

d) Calculate the rotational partition function of Ng at 298 K. The moment of inertia is
1.407 - 10~46 kg - m? and the symmetry number of Ny is 2.

e) Calculate the total partition function of Nj.

a) Calculate the average velocity of an Ny molecule at room temperature (T = 298K). Make
use of the Maxwell-Boltzmann velocity distribution as given in equation 2.104 on 56. Feel
free to directly use equation B.6 on page 130 to solve the integral.

b) At which temperature is the average velocity of N equal to that of He at 7' = 298K?

c) Calculate the average translational energy of 1 mol of Ng at 100, 298 and 1000 K. Feel free
to directly use equation B.5 on page 130 to solve the integral.

Given a mixture of Ng and Hy in a 1:3 ratio at 1 bar and 7' = 298K.

a) Calculate the number of molecules Ny and Hy in 1 m? of this mixture.
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b) The collision diameter of Hy is 0.271 nm and the collision diameter of Ny is 0.373 nm.
How many collisions are there per second between the Hy molecules?

c) How many collisions are there between the Ny molecules?
d) How many collisions are there between Ny and Hy molecules?

e) What is the total number of collisions in 1 m3 of this mixture?

(6 | becezr | 5]

Consider the gas phase isomerization of cyclopropane to propylene. Experimentally, it is
found that the rate expression is given by the equation below

—274000 J/mol
1
r=2-10" exp <RT Pcyclopropane (2.159)

a) Give values for the Arrhenius pre-exponential factor and the activation energy in kj/mol.
b) Draw an energy diagram for this reaction from transition-state theory.

c) Why does the rate of this reaction decrease when the pressure is lowered?

(5] Gt | 00

a) Provide the general equation for the reaction of a molecule R via the transition state R#
to a product P according to transition state theory. Indicate in detail in which direction the
reaction steps are allowed to proceed and provide a rate expression in terms of the relevant
reaction constant and equilibrium constant. Draw an energy diagram which clearly shows
the energy levels of R, R# and P, as well as the barrier energy AE.

b) Give the general expression for the reaction rate according to transition state theory in
terms of the partition functions (no explicit expressions are required here) and AE.

c) What is the essential difference between transition state theory and collision theory?

Exercise 2.9 m

Consider the direct dissociative adsorption of methane on a Ru surface to give adsorbed
CHg and H.

a) Give the main assumptions of transition state theory and draw the corresponding reaction
energy diagram for this adsorption reaction.

b) Give the general expression for the rate constant based on transition state theory.
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¢) Qualitatively discuss the different factors in this equation, paying specific attention to the
relevant partition functions and the activation energy.

d) The entropy of methane in the gas phase is about 130 J/mol/K. Estimate the pre-exponential
factor for the dissociative adsorption of methane at 8oo K.

€) Assuming that the activation energy is 50 kJ/mol, estimate the rate constant for dissociative
adsorption at 8oo K.

Exercise 2.10 m

a) Derive an expression for the rate of O5 dissociation into two oxygen fragments in the gas
phase according to transition state theory. Provide explicit expression for all relevant partition
functions. Clearly convey what assumptions you use and relate the partition functions to the
motional degrees of freedom of the system in the initial and transition state.

b) Rewrite your expression in the form of the Arrhenius equation and give the activation
energy and the pre-exponential factor according to the Arrhenius equation.

a) Assume Hooke’s law to be valid and use a harmonic approximation of the potential energy
surface. Calculate the force constant in the direction of the reaction coordinate and the
force constant (k = ?91‘2/) in the direction perpendicular to the reaction coordinate. Use a
numerical approximation to calculate these force constants. Obtain the required values for
your approximation from the contour lines in Figure 2.4. Do not worry if you cannot calculate
it exactly, we are interested in rough values. In fact, if you are not able to even calculate a

rough value, give at least the sign of the force constant (i.e. positive or negative).

b) Calculate the frequencies by w = 4/ % Use the rest mass of a H atom as the value for the
mass m. What property does the frequency in the direction of the reaction coordinate have?

¢) Based on your frequency analysis for a two-dimensional potential energy surface, propose
a definition for a transition state on a multi-dimensional potential energy surface. Hint: What
are the properties of a stable point on a potential energy surface to be a transition state?

Exercise 2.12 m

a) How does the vibrational frequency of a chemical bond relate to the strength of that
chemical bond?

b) Would the frequency corresponding to a vibration in the direction of the reaction coordinate
in the transition state be strong or weak? Relate your answer to the strength of a (to be formed
| broken) bond in the transition state.
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c) Assume that k = vK, where k is the rate constant according to transition state theory, v is
the frequency factor relating to crossing the transition state and K is the equilibrium constant
between the initial state and the transition state. We are going to derive the frequency factor
v using a different assumption.

Assume that v corresponds to the vibrational frequency in the direction of the reaction
coordinate (note that the frequency factor v and the vibrational frequency w have the same
dimensions!). Write down the expression for K in terms of the partition functions and
separate the partition functions corresponding to motions that are perpendicular to the
reaction coordinate from the single partition function corresponding to a motion in the
direction of the reaction coordinate. Assume that the motion in the direction of the reaction
coordinate is a loose vibration. Show that the answer is:

1 I fi < Eq )
K= . exp | ——— (2.160)
1—exp (771575%) Hj I kyT

where f; are the partition functions in the transition state and f; are the partition functions
in the initial state.

d) Assume that the frequency in the direction of the reaction coordinate is weak and that
,i—‘% < 1. Use a Taylor series (see Appendix section B.3) that is terminated after the linear
term in z to rewrite the expression for the partition function of the loose vibration. Show that
the answer is:

kT (2.161)
hw

e) Plug the results you have obtained for K in the expression for k£ and assume that w = v.
Show that you get the correct expression for the rate constant in transition state theory. Explain
the difference between this derivation of the rate constant in transition state theory and the
derivation earlier in the chapter. What is the similarity between a loose vibration and a
translation?

Challenges

Challenges are relatively difficult topics aimed towards a more fundamental understanding
of the theory. We suggest to tackle these challenges within a group. It is advisable to make
use of a laptop as typically the use of Spreadsheet software such as Excel or a programming
environment such as Python is recommended.

Challenge 2.1 Maxwell-Boltzmann distribution

In this challenge, we are going to explore the Maxwell-Boltzmann distribution in greater
detail by considering a relatively simple example. Consider an ensemble of 5 particles among
which you can distribute 6 units of energy. There are a number of ways that 6 units of energy
can be distributed over these 5 particles, which we are going to explore in this challenge. One
way to distribute 6 units of energy among 5 particles is by placing all 6 energy units into a
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single particle and leaving the other four particles in the ground state. This can be done for
each of the 5 particles, hence there are 5 ways of doing this.

To make this exercise a bit more tangible, we will differentiate between macrostates and
microstates. We define a macrostate by only stating the number of particles in each energy
level. Placing all 6 energy units into a single particle and leaving the other four in the ground
state is in this terminology termed as a macrostate. Exactly which particle is excited and
which are left in the ground state is in turn termed as a microstate. One way to look at this
differentiation is by considering whether or not we treat the particles as distinguishable.9 If
the particle are indistinguishable, then we could only differentiate between the macrostates,
but once we consider particles to be distinguishable, we can differentiate between many more
states. Those additional states are termed microstates and each microstate can be categorized
as a representation of a particular macrostate.

The description above is schematically represented in Figure 2.5. In this Figure, three
macrostates and their corresponding number of microstates are given.

5 20 20
6{ ® 6 6
5 54 @ 5
44 44 4{ @
34 34 34
21 21 21 °
14 14 ° 14
0 o0 e 0 |0 e e e |0 ce e

Figure 2.5: Schematic depiction of the first three macrostates for distributing 6 units of energy over § particles.
Above each subfigure is the number of microstates for that particular macrostate given.

Within a Maxwell-Boltzmann distribution, all particles are distinguishable from each
other. Hence, for the first macrostate as shown in Figure 2.5, there are 5 microstates. For the
second and third macrostate, there are 20 microstates.

a) Show that the number of microstates for each macrostate is given by

N!
IT;n:!”

9Recall that within a Maxwell-Boltzmann distribution, particles are considered to be distinguishable.

Q; = (2.162)
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where N is the total number of particles and n; is the number of particles in energy level
i. You only need to show that this formula is correct for the first three macrostates. You
are not expected to derive this formula (although of course extra credits if you are able to do so).

b) Find the other macrostates (there are 10 in total) and show that the total number of
microstates of all macrostates amounts to 210. You can identify the remaining macrostates
by using the same schemes as shown in Figure 2.5, but another way of classifying them is
by making "sumrows”. A sumrow is constructed using a set of numbers which are added
together to create the sum. In our case, the sum is always equals 6 and you can only use
in total 5 digits. To exemplify this, the macrostates as shown in Figure 2.5 are the following
sumrows:

(a) 6+o+o+o+o
(b) s+1+o+o+o

(c) 4+2+0+0+0

Choose the method of your preference and show all 10 macrostates and calculate their corre-
sponding number of microstates.

c) Show that the total number of microstates for distributing g levels of energy over NV particles
is given by

(2.163)

AN, q) = <q+N—1> _(g+N-1)

q ¢ (N 1)~
Again, you only have to show that equation 2.163 is valid for this example.

d) Calculate the average number of particles in each energy level using the following formula

n] = Z ﬁinivj’ (2164)

where Q; is the number of microstates in macrostate i, €2 is the total number of microstates
and n; ; is the number of particles in energy level j in macrostate 7. Plot this average number
as a function of energy level i and determine the parameters A and c by fitting the following
distribution function

n;=A-exp(—c-¢). (2.165)

Compare your distribution function with the Maxwell-Boltzmann distribution function. How
well does the distribution function you constructed deviate from the exact Maxwell-Boltzmann
distribution function? For example, you can calculate the R2 of your fit, but a visual inspection
is sufficient. Why does your distribution deviate from the exact result?

€) Use the equation you have obtained to calculate the temperature of this ensemble given
that the energy levels are separated by 10 kJ/mol.
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Introduction

In the previous chapter, we covered on the theory behind elementary reaction rates and the
rate laws describing these. Moreover, we derived on the basis of statistical thermodynamics
the general expression for an elementary reaction step:

I

kBT fTS 7A€O

k= ——22 . I
h fis P kpT -1

To calculate the reaction rate constant, we need to plug in the partition functions cor-
responding to the degrees of freedom of the initial and transition state. For convenience,
we repeat the formulas for the rotational, vibrational and translational partition functions in
Table 3.1.

In this chapter we will extend on this theory and apply it to specific examples such as
adsorption, desorption and surface reactions.
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Table 3.1: Formulas for the translational, vibrational and rotational partition functions. Note that the vibrational
partition function is given with respect to the zero-point energy.

Partition function Formula
L./2 ky T
Translational (1D) @
Vibrational 1 i
1—e=9:/T <
821k, T N
Rotational (diatomic) %7237

3/2
Rotational (polyatomic) (ki—T) 1/ %
c AlBIC

3.2 Adsorption

When a molecule absorbs from the gas phase to a (catalytic) surface, it undergoes a appreciable
change in entropy, which is represented in formula 3.1 by the partition functions. In the gas
phase, any non-linear molecule possesses three translational degrees of freedom as well as
three rotational degrees of freedom. All other degrees of freedom correspond to internal
vibrations. However, when the molecule absorbs, it loses several degrees of motional freedom.
In general, upon (chemical) adsorption, the molecule no longer has any translational or
rotational degrees of freedom and only vibrational degrees of freedom.

In the transition state, between the gaseous and absorbed state, the molecule has some
number of motional degrees of freedom left, and with respect to transition state theory, the
change in the degrees of freedom between initial and transition state can be correlated to the
reaction rate. To exemplify this with respect to equation 3.1, we will denote the number of
degrees of freedom of any specific type (either rotational, translational or vibrational) by a
number written between round braces in superscript:

1(2) 1(3)fi(3N—6)

_ ka ftrans rot vib
T Th @) ,0) 686 (-2)
trans/rot Jyip

The above formula represents non-activated adsorption, i.e. its activation energy ¢y = 0.
Note that therefore the exponential term of equation 3.1 has dropped out as the exponent of
zero gives unity. Furthermore, within this equation, it can be seen that the transition state
(the nominator) has two degrees of translational freedom, three rotational degrees of freedom
and otherwise 3N — 5 vibrational degrees of freedom. As discussed in the previous section,
one of the partition functions corresponding to an imaginary frequency in the direction of the
reaction coordinate has been dropped out, resulting in a total number of partition functions
of 3N — 1 for the transition state.

In contrast, the initial state (the denominator) represent the molecule in the gas phase,
which contains three rotational and three translational degrees of freedom as denoted by
the number between round braces. Furthermore, all other 3N — 6 degrees of freedom are
vibrational. In other words, the molecule loses one translational degree of freedom from
migrating from the gas phase to the surface.

From the above assumptions, we can derive a general rate of adsorption, which is known
in Literature as Hertz-Knudsen adsorption. If we substitute the terms for the partition
functions by their respective formulas, as given in Table 3.1 and furthermore assume that (1)
the vibrational partition functions can be neglected as they approximate unity under typical
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reaction conditions and (2) there is no appreciable change in the rotational partition functions
upon adsorption, we obtain the following formula:

kT L2 (2rmkyT) b3
kads = Rl L7 (2mmkyT) b (33)

h L3 (2mmkyT)? h2

Rearrangements and cancellation of terms yields:
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ky T

kygs = — — .
ads L /727rmka (3-4)

Finally, assuming the ideal gas law

ky T
p="b :
v (3-5)
and noting that
14
A= 3.6)

PA

Fogs = ——— .
ads \/W (3 7)

In the above equation, P denotes the partial pressure of the molecule in the gas phase
and A denotes the area of the surface site on which the molecule absorbs.
Recall that the equation is valid only when the underlying assumptions are valid:

1. The transition state is a loose transition state in which the molecule still has several
translational degrees and rotational degrees of freedom left

2. The molecule loses only one translational degree of freedom between initial and transi-
tion state

3. The ideal gas law is assumed to be valid
4. The rotational degrees of freedom do not change appreciable upon adsorption

5. The vibrational degrees of freedom can be neglected as they approximate unity upon
this temperature

Although quite some assumptions are used (on top of the assumptions already made in
the derivation of transition state theory!), nevertheless, from lots of experimental results it was
found that the above equation holds. However, it can be the case that the kind of adsorption
you are studying might very well go through an activated state or has a greater loss in degrees
of freedom between initial and final. If that is the case, than you will have to re-derive equation
3.1 using the right partition functions and energies corresponding to your particular problem.
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Desorption

Desorption is the opposite of adsorption: a bound compound leaves the catalytic surface and
goes to the gas phase. In the previous section we considered that in the transition state, the
compound had three rotational degrees of freedom, two translational degrees of freedom and
3N — 6 vibrational degrees of freedom. Furthermore, we assume that in the initial state (the
fully absorbed state), the compound only contains vibrational degrees of freedom. This gives
us the following expression for the reaction rate:

k

_ o it 1™ <Ed> 8)

h (3N) kyT
fvib b

We can work this out by plugging in the formulas for the partition functions and assuming
that the vibrational partition functions approximate unity.

BT A (2mrmkyT) 8721k, T —Ees 5.9)
= — ex .
h h2 on? P\ T 39

2
After reduction of the above equation by noting that we can express the term Sﬁ’;ﬁ asa
temperature, known as the characteristic temperature for rotation. After plugging this value

in and combining similar terms, this yields:

p _ kT3 A (2mmiy,) o <—Edes> (3.10)

h3 o 0rot kT

Note that in the above derivation, we have introduced the symmetry number o, which
represents the number of indistinguishable orientations of the particular molecule as a result
of rotation. [10] For diatomic molecules, it is easily seen that the symmetry value is either
two (when the atoms are identical) or one (when the atoms are different). However, if we are
dealing with a rotational partition function of a polyatomic molecule, the symmetry factor
can be larger than two.

The symmetry number for a particular compound can be easily derived from group theory.
Once the point group of the complex is known, the symmetry number equals the sum of
the different rotational symmetry operators.[11] To exemplify this: Ammonia belongs to the
C3,, point group, which has one E and two C3 symmetry operations. As such, the symmetry
number for ammonia is 3. Likewise, benzene belongs to the Dg;, symmetry group, which
has one E, two Cg, two C3 and seven Cs rotational axes. This yields a symmetry number of
12 for benzene.

Surface reactions

Complexes absorbed on a catalytic surface typically only have vibrational degrees of freedom,
as such, for reactions on a surface the pre-exponential factor is mainly governed by the kaT
term in eq. 3.1. This term is roughly in the order of 1013.

Surface reactions are activated, i.e. they proceed through an transition state. The dif-
ference between initial and final state is known as the activation energy or reaction barrier.
With reference to the partition functions as given in Table 3.1 on page 76, the reaction barrier

is equal to the difference in the electronic energy corrected for the zero point energy.

& CHAPTER 3
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AEa = AGEIEC + AEzPe (3’11)

Although for many reactions the zero point energy corrections tend to be in the order
of 1-5 kJ/mol in comparison to electronic energies of roughly 30-100 kJ/mol and therefore
negligible, they become especially important when dealing with (de-)hydrogenation reactions
and can no longer be neglected.

If we can neglect the contribution of the vibrational partition function, the equation for a
surface reaction becomes

k= kT exp — (3.12)
h kyT

Hindered rotors

In the previous chapter we stated that normally complexes absorbed on a surface only have
vibrational degrees of freedom. This is not always true. A well-known circumstance when we
can no longer model the motional degrees of freedom for strongly absorbed complexes as
vibrations is when they contain one or more rigid rotors. One can imagine a rigid rotor as a
non-free rotation, such as is the case for a methyl (CHg) or ammonia (NHj3) absorbed on the
surface. Another example is when the molecule contains free methyl groups, which have no
interaction with other complexes or with the catalytic surface.

Although it is not possible to give a (general) closed-form expression of the partition
function, it is relatively easy to calculate the partition function either using a classical or a
quantum mechanical approximation.[12] The latter is beyond the scope of this book, but we
wish to give a couple of examples using the classical approximation.

Assume we have a NHj3 group absorbed on a catalytic surface in such a way that the
rotation is parallel to the surface, then we can imagine that this rotation is hindered. The
complex has a higher energy when the hydrogen atoms lie above the bonds between the metal
atoms as when the hydrogen atoms lie in between the bonds. Furthermore, the energetic
barrier for rotation is very low.

We will describe such a system using a Lagrangian:

L=T-V (3.13)

note that we assume that V' = 0 and that we can express 7' as the kinetic energy for
rotation

Lo 1 2.2
T:EIw :§;miRicp (3.14)

where I is the rotational moment of inertia and ¢ the angular velocity.
The partition function for this Lagrangian system is given by

27 [e'e] _
f= %/0 d«P/_OOdWexp< sg)> (3-15)
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where ¢ is the angle (and therefore represents position) and ~ is the momentum. Note
that £ depends on the momentum, but not on the position of the atoms in the system.
We can derive an expression for v by noting that

=% = Ip (3-16)

v

Plugging the expression for v into the expression for the kinetic energy gives

72

=oF (3-17)

Using the expression for E(v), we can calculate the partition functions by means of
equation 3.15, obtaining:

2
Jhind. rot = Vv 2mlkyT (3.18)

In the beginning of this subsection, we considered the ammonia molecule as a hindered
rotor. The rotational moment of inertia of this molecule is equal to

INn, = 3mpy R? (3.19)

where m g is the mass of a hydrogen atom and R the length of a N-H bond. Plugging
this expression into equation 3.18 gives

3

27)2 R
Jhind. rot = % V3kymyT (3.20)

3.6 Final remarks

The previous sections showed explicit formulas for adsorption, desorption and surface reac-
tions. In principle, you can use these formulas to study describe the majority of the systems
out there.

However, we are sometimes interested in that particularly peculiar system, wherein none
of the above expressions are valid. In such a case, one has to start re-deriving the expression
for the reaction rate by first inventorying the applicable partition function, plugging these
into the general rate expression and finally deriving the reaction rate.

In the end, this chapter has shown you how to set up reaction rates. In the upcoming
chapter we will show that the sum of all these elementary reaction steps is the basis of a
microkinetic model which can be used to study the behavior of a chemical system.

& CHAPTER 3
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3.7.2

3.7 Questions and Exercises 81

Questions and Exercises

The answers to the questions and exercises are given at the end of this book in Appendix C
(page 135).

Questions

1. What is the difference between a rotational degree of freedom and a hindered rotor?
What are the similarities?

2. The zero point energy originates from the occupancy of the ground state of a vibration.
When is this zero point energy correction more significant, for atoms with a low mass
or with a high mass? Explain your reasoning.

Exercises

The exercises are marked by a number of gears to indicate their difficulty levels.

Exercise 3.1 n

a) Calculate the rate constant for CO dissociation in the forward and the backward direction
using appropriate assumptions regarding the nature of the partition functions. Take a forward
barrier of AE ¢ = 80 kj/mol and a backward barrier of AE}, = 120 k]/mol. Use a temperature
of 500K.

b) Calculate the rate constant for CO desorption. Use equation 3.10. For the surface area of
the adsorption site, assume that CO is adsorbed on a threefold site of an FCC Rh lattice. The
Rh-Rh distance is 2.71 A. Use a rotational temperature (¢) of 2.8K, a desorption energy of 120
kJ/mol and a temperature of 500K.

c) Calculate the rate constant for CO adsorption. Assume that the partial pressure of CO
is 20 bar. Use the same surface area as you used for the calculation of the desorption rate
constant.

d) Why is the rate constant for desorption higher than for adsorption?

(6 | ooz | o)

a) Calculate the forward rate constant of CHy hydrogenation to CHg. Assume that CHg has
one hindered rotor in the transition state and that all other configurational degrees of freedom
are vibrational. Use an activation energy of 50 kJ/mol. Use a C-H bond length of 1.2 A and a
temperature of 500K.

b) Calculate the apparent activation energy of this elementary reaction step using the following
expression: Eq = RT? % By what amount is the apparent activation energy higher than
the electronic activation energy?
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Introduction

In chapter 2, we explained how a system containing different chemical compounds can be
described by only a very small number of macroscopic parameters, such as temperature,
pressure and concentration. At the end of that chapter, we introduced transition state theory
by which we are able to derive the Eyring equation which expresses the rate of interchange
between the chemical compounds once the activation energy and the partition functions are
known. In chapter 3, we provided a couple of examples of the rate of change for particular
types of elementary reaction steps.

Within this chapter, we will show how to connect multiple elementary reaction steps
together to set up a microkinetic model from scratch. We show how to construct the fun-
damental set of ordinary differential equations describing the system and how this set can
be time-integrated using the appropriate boundary conditions and initial values. Finally, we
show what observables one can derive from a microkinetic model and to which experimental
data these observables can be related.
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Microkinetic modeling of a simple catalytic reaction

Within this section, we will show how to set up a microkinetic model by providing a simple
example of a catalytic reaction. For the moment, we will stick to unimolecular elementary
reaction steps to keep things simple. More elaborate chemical systems will be shown further
on in this chapter. The best way to understand how microkinetic simulations work is by
constructing a microkinetic simulation by yourself. For this purpose, we have constructed a
small set of Python scripts by which we will slowly introduce the methodology to you. These
Python scripts are by no means the most efficient way to construct or perform a microkinetic
simulation, but it serves as a handy tool to learn the principles behind such simulations.! The
reader is encouraged to download the Python scripts and use these while reading this chapter.
Look out for the QR codes with the download links in this chapter. We recommend running
the scripts in a Python IDE such as Spyder.2
The steps we need to take to construct a microkinetic model are as follows:

1. Construct the set of elementary reaction steps.
2. Derive rate expressions for each of the elementary reaction steps.
3. Convert the set of rate expressions to a set of ordinary differential equations.

4. Define boundary conditions for the system (e.g. partial pressures), the initial values
(e.g. initial surface concentrations) and any model parameters (e.g. temperature).

5. Solve the system of ordinary differential equations.
6. Interpret the results (using our chemical intuition).

Unimolecular catalytic reaction

A unimolecular reaction on a catalytic surface is given by the kinetic network below. In this
network, A adsorbs on the catalytic surface, is then converted to B and finally B desorbs from
the surface.

A—Ax — B*¥ — B. (4.1)

The overall reaction for this chemokinetic network is

A — B, (4-2)

which is composed of the following three elementary reaction steps

A+ xS Ax (4-3)
B+ % 5 Bx (4-4)
Ax S Bx. (4-5)

The above system has two adsorption-desorption steps and one surface step. We will
express the rates for adsorption-desorption steps by using Hertz-Knudsen kinetics (see equa-
tions 3.7 and 3.10 on pages 777 and 78, respectively). Furthermore, we will use the assumptions
as discussed in section 3.4 on page 78 for the surface reactions. The parameters for the
adsorption and desorption steps are given in Tables 4.1 and 4.2, respectively.

'In the next Chapter, the program MKMCXX will be introduced. This program is highly optimized to perform
microkinetic simulations.
>More information about Spyder is found in this link: https://www.spyder-ide.org/

& CHAPTER 4
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Table 4.1: Kinetic parameters for the adsorption and desorption steps of A and B in the unimolecular reaction.

| Compound [ A[m?] [ m(au) [ o[] [ 6ot [K] | Eges [k]/mol] |
‘A ‘1~10_20‘ 1 ‘ 1 ‘ 1 ‘ 120 ‘

B 1-10—20 1 1 220

Table 4.2: Kinetic parameters for the conversion of A to B over the catalytic surface in the unimolecular reaction.

| Reaction | vy [s7!] [ v s | B [Kjjmol) [ EL [kjjmol] |
l A* __ B* l 1013 l 1013 l 50 l 150 ‘

Note from these two Tables that adsorbed B is significantly more stable than adsorbed A
(120 versus 220 kJ/mol, respectively). Furthermore, the reaction on the surface from A to B
has a relatively low activation barrier (50 kj/mol), while the barrier for the reverse reaction is
quite high (150 kJ/mol). On the basis of the fundamental equations and the data in Tables 4.1
and 4.2, we can construct the following three Python functions to calculate the reaction rate
constants for adsorption, desorption and the surface reaction as shown in Listing 4.1.
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The Python code to time-integrate the unimolecular reaction at a specific
temperature can be found using the following link: (&' https: //www.
mkmcxx.nl/downloads/input/solve_mkm_ode_unimol.py

The function calc_k_arr as shown in Listing 4.1 calculates the Arrhenius-type rate
constant as given by equation 3.12 on page 79. The functions calc_kads and calc_kdes
calculate the reaction rates for adsorption and desorption, respectively. These functions are
based on equations 3.7 and 3.10 on pages 777 and 78, respectively. The input parameters
and the units of the variables are explained in the comment section of the corresponding
functions.

In order to set up a microkinetic model using the above-mentioned kinetic parameters,
we have to specify initial values, boundary conditions and model parameters. These are as
follows

« Initial values: The initial values are the initial surface concentrations at time ¢ = 0. For
our system, we will consider the initial surface concentrations of compound A and B at
t =0tobefy = 0p = 0. The fraction of empty surface sites will be set to 64 = 1.

Boundary conditions: The partial pressure of A is set to p4 = 1 atm and the partial
pressure of B is set to pg = 0 atm. In other words, we operate the reaction at zero
conversion. This choice deserves some additional explanation. Within our microkinetic
simulation, we wish to study the behavior of our catalyst. We wish to compare our
theoretical model with a so-called initial rate experiment, where the production rate is
measured close around X = 0.3 In this situation, the reactants have only barely settled
on the catalytic surface and only the adsorbed species are in a steady state. To ensure
zero conversion, we keep the partial pressures in the gas phase fixed. Nevertheless, if
one is interested in the solution at any non-zero conversion, it is easy to modify these
settings by simply changing the gas phase pressures.

Model parameters: As all rate expressions explicitly depend on the temperature, we
also have to set the temperature as a model parameter. Typically, this is the only

3This is often termed as that one operates the reaction at differential conditions.
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Listing 4.1: Python functions to calculate the reaction rate constants.

1 def calc_k_arr(T, nu, Eact):

def

def

min

Calculate reaction rate constant for a surface reaction

T - Temperature in K
nu - Pre-exponential factor in s"-1
Eact - Activation energy in J/mol

mwin

R = 8.3144598 # gas constant
return nu * np.exp(-Eact / (R * T))

calc_kads(T, P, A, m):

mwin

Reaction rate constant for adsorption

- Temperature in K
Pressure in Pa

- Surface area in m"2

- Mass of reactant in kg

S > U
[

mwin

kb = 1.38064852E-23 # boltzmann constant
return PxA / np.sqrt(2 * np.pi * m x kb * T)

calc_kdes(T, A, m, sigma, theta_rot, Edes):

mwin

Reaction rate constant for desorption

T - Temperature in K

A - Surface area in m"2

m - Mass of reactant in kg
sigma - Symmetry number

theta_rot - Rotational temperature in K
Edes - Desorption energy in J/mol

mwin

kb = 1.38064852e-23 # boltzmann constant

h = 6.62607004e-34 # planck constant

R = 8.3144598 # gas constant

return kb *x Tx*3 / hx*3 * A * (2 * np.pi * m x kb) / \
(sigma * theta_rot) * np.exp(-Edes / (RxT))
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4.2 Microkinetic modeling of a simple catalytic reaction 87

mandatory model parameter, although one could imagine that for more complex types
of simulations other model parameters are required. For example, if one models an
electrochemical reaction, one could consider the pH of the solution or the potential as
model parameters.

Using the initial values, boundary conditions and model parameters, the system of
ordinary differential equations is completely defined and can be time-integrated. In contrast
with the types of equations we saw in Chapter 1, this set of equations can no longer be solved
analytically4 and we have to use a numerical method to integrate this system over time. This
can be done using an ordinary differential equation solver (in short: ODE solver). In this
chapter, we will be using the SciPy library that readily provides an ODE solver.5

The set of ordinary differential equations for this system to solve is given in equations
4.6 - 4.8. Please note that in these equations k;, refers to the reaction rate constant in the
backward direction and not to the Boltzmann constant.

00
T%A = kadsa DA Ox — Kgesa - Oa — k- 0a + Ky Op (4-6)
003
ot = kagsp " PB - O — Fdes, - O + kf <0 — Ky - OB (4-7)
00+

at —Fads A * PA - O + Fdes A - 0A — KadsB - PB - 0% + Kdes 5 - 0B (4-8)

Using this set of ordinary differential equations and the proper boundary conditions, we
can readily construct our Python code to time-integrate our chemokinetic system. The code
is provided in Listing 4.2. By plotting the return variables of solve_odes (T) we can obtain
a graph. This is done in the main () function of the script as can be seen in Listing 4.3.

Listing 4.3: Python functions to perform the time-integration of the set of ordinary differential equation.

def main():
plt.figure()
X,y = solve_odes(1200)
labels = ['A','B','x']
for i 1in range(0, len(labels)):
plt.semilogx(x, y[:,1], label=labels[i])
plt.legend()
plt.show()

[N NV

® 3

The ODE solver is constructed using a generic interface as explained in detail on its
webpage.® First, we need to construct a function that takes as input the two parameters
t (time) and y (surface concentrations). Optionally, a list of parameters can be provided.
Here, we provide as additional parameters the boundary conditions, which are the partial
pressures and the model parameters, which is the temperature. In dydt(T, y, params),
the first derivative of the surface concentrations is calculated and returned as a vector. The
time-integration is performed in the function solve_odes (T). Herein, an integration object
is constructed and the function dydt (T, y, params) is passed as input. We use the vode
keyword, which stands for Real-valued Variable-coefficient Ordinary Differential Equation. We
set the absolute and relative tolerances (atol and rtol) to 10~8. The maximum number
of steps between two output time steps of the integrator object is set to 1000, although
the default value for this variable would probably suffice. An important thing to remember
about chemokinetic systems is that their underlying set of ordinary differential equations

“#Recall that for constructing an analytical expression, we require a series of assumptions.
Shttps://docs.scipy.org/doc/scipy/reference/generated/scipy.integrate.ode.html
6ht’cps://docs.su::‘i py.org/doc/scipy/reference/generated/scipy.integrate.ode.html
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Listing 4.2: Python functions to perform the time-integration of the set of ordinary differential equation.

1

46

def solve_odes(T):
# initial conditions
yo = [0,0,1]
t0 = 0
tl = le-6 # total integration time
T = 1200 # temperature in K
pa = le5 # pressure of A in Pa
pb =0 # pressure of B in Pa

# construct ODE solver
r = ode(dydt).set_integrator('vode', method='bdf',

atol=1le-8, rtol=1le-8, nsteps=1000, with\_jacobian=True)
r.set_initial_value(y0, t0).set_f_params([T, pa, pb])

# integrate on a logaritmic scale
xx = np.linspace(-12.0, np.loglO(tl), int((np.loglO(tl) + 12.0) * 10))
yy =[]
tt = [1]
for x in xx:
thew = 10.0%%x
tt.append(tnew)
yy.append(r.integrate(tnew))

return tt, np.matrix(yy)

def dydt(t, y, params):

nwin

Set of ordinary differential equations
T = params[0]
pa = params[1]
pb = params[2]

dydt = np.zeros(3)

ma = 1.66054e-27
mb = 1.66054e-27

k_ads_a = calc_kads(T, pa, le-20, ma)
k_des_a = calc_kdes(T, 1le-20, ma, 1, 1, 120e3)

k_ads_b = calc_kads(T, pb, le-20, mb)
k_des_b = calc_kdes(T, 1le-20, mb, 1, 1, 220e3)

kf = calc_k_arr(T, lel3, 50e3)
kb = calc_k_arr(T, 1lel3, 150e3)

dydt[0] k_ads_a * y[2] - k_des_a * y[0] - kf * y[0] + kb x y[1]
dydt[1] = k_ads_b * y[2] - k_des_b * y[1] + kf * y[0] - kb x y[1]
dydt[2] = -k_ads_a * y[2] + k_des_a * y[0] - k_ads_b * y[2] + k_des_b x y[1]

return dydt
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4.2 Microkinetic modeling of a simple catalytic reaction 89

is a so-called stiff system. Stiff systems require special integration methods, such as bdf
which stands for Backward Differentation Formulas. The bdf is one of the best methods to
solve such systems. The other important thing to take care of is to either explicitly specify
to calculate the Jacobian using finite differences (with_jacobian=true) or to construct a
Jacobian function yourself. Here, we have opted for using the finite difference method, as it is
much easier to use. An explicit function to calculate the Jacobian is however computationally
much faster and is the recommended procedure.”

We have chosen to perform our integration on a logarithmic scale. The main advantage of
this procedure is that we get a fixed number of data points for every time scale, beginning at
the smallest time scales (i.e. corresponding to the fastest reactions) and ending at the longest
time-scales (i.e. the slowest reactions). The results would be exactly the same if a linear time
scale is chosen, it is just a preference we like to employ.

Before we start performing the simulations and interpreting its output, we would like to
repeat some nomenclature here. All possible sets of concentrations applicable to our system is
termed the phase space. To exemplify this statement with respect to our system, the complete
phase space is defined by:

QA» 937 0« € [07 1] (4‘9)

under the constraint (remember that there is conservation of mass)

0p+0p+0x=1 (4.10)

Furthermore, if our system has no peculiarities such as strong non-linear behavior or
bifurcations (if you have never heard of these terms before, just ignore them), then our system
will most likely converge to a steady state solution, which is defined as:

90,
e 0 (4.11)
for all i, where i is each compound in the system.

Let us apply this newly learned nomenclature to our system which models a unimolecular
reaction. In Figures 4.1a-4.1d, the transient behavior of our system (i.e., the state of our system
as a function of time) has been studied at four different temperatures. In Figures 4.1a-4.1c, a
similar final result is obtained, which is the catalytic surface fully covered with B. Note that in
Figure 4.1a, the surface concentrations no longer changes at ¢ > 10. Therefore, we can say
that at ¢ > 10 the system is at its steady-state solution.

From the other Figures (4.1b-4.1d), we can see that the steady state solution is reached
at different time ¢ given a different temperature. At higher temperatures, the steady state
solution is obtained in a shorter amount of time. This can easily be explained due to the
fact that all elementary reaction rates increase exponentially with increasing temperature.
Therefore, our system converges to the steady-state solution faster at elevated temperatures.

One might wonder then as to why the system in 4.1d (i.e., at a significantly high tem-
perature, does not converge to a similar-steady solution as the other Figures. In 4.1d, it is
found that the steady state solution has a nearly empty catalytic surface. This has to do with
the temperature dependence of the pre-exponential factors for adsorption and desorption.
From equations 3.7 and 3.10 on pages 77 and 78, respectively, it can be seen that the rate
for adsorption drops with v/T, while the rate for desorption increases by 73. As the latter
becomes dominant at high temperature, at highly elevated temperatures the desorption term
dominates resulting in a nearly empty surface.

7Consult the web page of SciPy for more information how this is done.
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Figure 4.1: Surface coverage as a function of time for the unimolecular catalytic surface reaction.

In Figure 4.2, the consumption of A and the production of B are shown. Due to the
strong difference in adsorption and desorption rates at different temperatures, a phenomenon
similar to the is seen. The reasoning goes as follows: at very low temperature, all compounds
adsorb easily on the surface, but due to the low temperature, there is not enough energy to
overcome the reaction barrier and no products are formed. At too high temperature, the
desorption rate is several orders of magnitude higher than the adsorption rate and almost
no reagents are found on the surface. The kinetic energy of the gaseous species is too high,
thus the molecules just ricochet off the surface. Due to the existence of these two competing
effects, i.e. rate of dissociation versus surface coverage, the production of compound B with
respect to temperature shows an optimum (at T &~ 1175K).

Finally, the uptake of compound A equals the production of compound B, as to be expected
on the basis of the stoichiometry of the reaction and the inherent mass conservation of the
method.

To summarize, we have shown that the overall (catalytic) unimolecular reaction is in fact
a composition of three elementary reaction steps. By means of transition state theory, we
are able to derive rate equations for these elementary reaction steps. The implementation
of these rate equations reveal interesting transient phenomena and enable us to study the
kinetic system as function of temperature. Despite that the unimolecular catalytic reaction is
very illustrative, it lacks the details of a more realistic overall reaction. As such, we are going
to describe a catalytic bimolecular reaction.

Bimolecular catalytic reaction

A typical bimolecular reaction in catalysis is the oxidation of CO to CO,. This particular
system is relevant to car-exhaust gas clean-up. The overall reaction is

& CHAPTER 4
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Figure 4.2: Production rates of compounds A and B as a function of temperature.

2CO + 0, — 2CO, (4.12)
and constitutes the following elementary reaction steps

CO + * SCOx (4.13)

0, + 2% S20% (4-14)

CO * +0x SCO, * + (4.15)

CO, + * SCO,* (4.16)

These elementary reaction steps lead to the following set of ordinary differential equations

d0co
o~ F1adst — k1 desfco — k3, pOcobo + ks pfco, O (4-17)
906
o = 2k2,050% — 2k2,0es98 — k3, f0c0b0 + k3 p0c0, O (4-18)
90co,
% - kg adsOx — kg desfco, + k3, f0cobo — k3 pbco, 0+ (4-19)
00+« 2 2
ot = _k17ad50* + kl,deseco - 2k27ad56* + 2k2,desgo
+ k3, 0cobo — k3 p0co, 0« — k4 ads0+ + K4 desOco, (4.20)

This reaction is bimolecular in the sense that adsorbed CO needs to recombine with
adsorbed O in order to form CO,. The numerical values for the relevant rate expressions are
given in tables 4.3 and 4.4.

(=1 2gers[m]

The Python code to simulate CO oxidation as a function of temperature can
be found using this link: &' https: //www.mkmcxx.nl/downloads/
input/solve_mkm_ode_bimol.py

leads to the Python code as shown in Listing 4.4. Note that we have introduced two auxiliary
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Listing 4.4: Python functions to construct the first derivative towards time of the surface concentrations. Note
that we have introduced a set of auxiliary variables (i.e. rif - r4b) to capture similar terms for the reaction rates.

1 def dydt(t, y, params): <
2 e i
3 Set of ordinary differential equations E
4 R 5
5 T = params[0] L
6 pa = params[1]

7 pb = params[2]

8 pc = params[3]

9

10 dydt = np.zeros(4)

1

12 ma = 28 * 1.66054e-27

3 mb = 32 * 1.66054e-27

14 mc = 80 * 1.66054e-27

15

16 # calculate all reaction rate constants

17 k_ads_1 = calc_kads(T, pa, le-20, ma)

18 k_des_1 = calc_kdes(T, 1le-20, ma, 1, 2.8, 80e3)

19 k_ads_2 = calc_kads(T, pb, le-20, mb)

20 k_des_2 = calc_kdes(T, le-20, mb, 2, 2.08, 40e3)

21 kf = calc_k_arr(T, 1lel3, 120e3)

22 kb = calc_k_arr(T, lel3, 80e3)

23 k_ads_4 = calc_kads(T, pc, le-20, mc)

24 k_des_4 = calc_kdes(T, 1le-20, mc, 1, 0.561, 10e3)

25

26 # collect similar terms in new variables

27 rif = k_ads_1 * y[3]

28 rlb = k_des_1 * y[0]

29 r2f = k_ads_2 * y[3]

30 r2b = k_des_2 % y[1]**2

31 r3f = kf x y[0] x y[1]

32 r3b = kb x y[2] * y[3]

33 r4f = k_ads_4 x y[3]

34 rab = k_des_4 * y[2]

35

36 dydt[0] = r1f - rlb - r3f + r3b

37 dydt[1] = 2.0 * r2f - 2.0 * r2b - r3f + r3b

38 dydt[2] = r3f - r3b + r4f - r4b

39 dydt[3] = -r1f + rlb - 2.0 * r2f + 2.0 * r2b + r3f - r3b - r4f + r4b

40

41 return dydt
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Table 4.3: Parameters for the adsorption and desorption steps in CO oxidation. Note that the values used here
are not necessarily representative for the actual process.

Compound [ A[m?] [ m(aw) [ o[] [ 6ot [K] | Eyys [kJ/mol] |

Cco 1-10—20 28 I 2.8 8o
0, 1-1020 32 2 2.08 40
Co, 1.-10-20 8o I 0.561 10

Table 4.4: Parameters for the surface reaction of CO oxidation. Note that the values used here are not necessarily
representative for the actual process.

| Reaction | vils™1 | wls™'] | Blkj/mol] | Eb[kj/mol] |
[ CO*+0* — CO,*+* [ 1083 [ 1083 | 120 \ 180 |

variables for each elementary reaction step to efficiently collect terms and calculate the first
derivatives with respect to time.

For the boundary conditions, we have used the stoichiometric ratio of 1:2 for the partial
pressure of O, and CO and set the total pressure to 20 atm.
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Figure 4.3: Production rate of CO, and consumption rates of CO and O, as a function of temperature.

The result for this simulation is given in Figure 4.3. From this Figure, we can see that
the uptake of CO is the same as the production of CO,, whereas the uptake of O, is half the
uptake of CO. This shows that this reaction proceeds according to the stoichiometry, as was
to be expected. Again, we note that there is an optimum in the production as a function of
temperature. Similarly to the unimolecular reaction, this relates to the Sabatier’s principle. If
the temperature is too low, no coupling between CO and O will occur, if the temperature is
too high, CO and 0, will no longer adsorb on the surface in order to react.

In Figure 4.4, the surface coverage as a function of temperature is shown. Here we can
see that at low temperature, the surface is mainly covered by CO. This is evident from the
relatively strong adsorption energy of CO (8o kJ/mol). With increasing temperature, the
surface coverage of CO decreases, whereas the number of free sites increases. This confirms
our earlier reasoning regarding the optimal temperature for the reaction. If the temperature
is too low, no reaction can occur between CO and O. In fact, the temperature is so low that
CO poisons the surface (due to its high adsorption energy) by which the surface coverage of
O is too low for an appreciable rate of coupling between CO and O to occur. With increasing
temperature, the CO coverage decreases and consequently, the rate increases. At elevated
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Figure 4.4: Surface coverage as a function of temperature.

temperatures, the CO coverage decreases even more and the surface becomes empty. At that
point, the overall rate decreases again.

Reaction orders

In the previous section we mentioned that at low temperature, CO poisons the surface. Here,
we will show another technique that confirms this fact. If CO indeed poisons the surface at
low temperature, then we expect that the partial pressure of CO negatively influences the
rate. A systematic way of investigating the influence of the reactants and the products on
the reaction is by looking at the reaction order in these components. The reaction order is
defined as follows (see also section 1.5.3 on page 22):

Alnrt
nj =DPi Py
1

) (4.21)

where n; is the reaction order in component 4, 7 is the rate in the forward direction (i.e.
the rate corresponding to an initial rate experiment) and p; the partial pressure of component
i. The reaction orders are calculated using a linear fitting procedure. A short code snippet
how this is done is shown in Listing 4.5. At the end of this chapter, we will also show that for
some systems, an analytical expression can be derived.

The Python code to calculate the reaction order in CO at a spe-
cific temperature for the CO oxidation reaction can be found using
this link: & https://www.mkmcxx.nl/downloads/input/solve_
mkm_ode_calc_order.py

In Listing 4.5, the numerical procedure to calculate the reaction order is shown. To
calculate the derivative of the logarithm of the rate towards the partial pressure of CO, we
calculate the rate at five different partial pressures of CO. These five partial pressures are
generated by multiplying the coefficients 0.95, 0.98, 1.0, 1.02 and 1.05 with the partial
pressure at the working we are interested in (in our example, this is 13.33 bar). The derivative
is then calculated by performing a linear fit using the polyfit function. The order is finally
calculated by multiplying the slope (as found in the linear fit) by the partial pressure. At
T = 800 K, this gives a reaction order of about unity.


https://www.mkmcxx.nl/downloads/input/solve_mkm_ode_calc_order.py
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Listing 4.5: Python functions to calculate the reaction order of CO at temperature T.

1 def main():

def

min

Calculate the reaction order in CO

T = 800 # temperature in K

p,r = calc_order(T)

m,b = np.polyfit(p, r, 1)

plt.plot(p, r, 'o', label='Data points')
plt.plot(p, m*xp+b, '--', label='Linear fit')
plt.legend()

plt.xlabel('Pressure 1in Pa')
plt.ylabel('log(rate)"')

plt.title('Reaction order CO = %f' % (mxp[2]))
plt.show()

calc_order(T):

mwin

Calculate reaction order at temperature T

mwin

pt = 20
pa = 2.0/3.0 x pt x le5 # pressure of CO in Pa
pb = 1.0/3.0 x pt x le5 # pressure of 02 in Pa
pc = 0

mc = 80 * 1.66054e-27

# set series of factors to expend pressure in

diffs = [0.95, 0.98, 1.0, 1.02, 1.05]

rates = []

for diff in diffs:
X, y = solve_odes(T, pa * diff, pb, pc)
r_co2 = calc_kdes(T, le-20, mc, 1, 0.561, 10e3) * y[-1,2]
rates.append(r_co2)

return np.multiply(diffs, pa), np.log(rates)
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The reaction orders of CO and O, as function of temperature is found in Figure 4.5. From
this Figure, we can see that at low temperature, the reaction order in CO is strongly negative.
A value of -1 indicates that if we would double the partial pressure of CO, than the rate would
decrease by a factor 2. With increasing temperature, we see that the reaction order in CO
increases. This can be related to the surface coverage of CO. At sufficient temperature, CO
no longer poisons the surface and a consequence, the reaction order increases to o. Further
increasing the temperature leads to a nearly empty surface. Such a surface is lacking in CO and
increasing the partial pressure of CO would benefit the reaction rate. Thus, a positive reaction
order is seen. In contrast, the reaction order in O, is nearly independent of temperature and
has a constant value of 0.5. The value of 0.5 originates from the fact that O, dissociatively
adsorbs on the surface. For the reaction to occur, only half a molecule of 0, is needed. Thus
doubling the partial pressure of O, only results in an increase of the overall reaction rate by a
factor of v/2.
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Figure 4.5: Reaction orders in CO and O, as a function of temperature.

Another way of looking at these reaction orders is from the perspective of a power law.
Assume that we can model our reaction by the following expression

vo

then the reaction orders in CO and O, would match the exponents v; in this expression.
Performing a series of experiments wherein the partial pressures of CO and O, followed by a
fitting procedure would then provide the values for the variables in this equation. Important
to realize is that the above expression is limited to a fairly small region in temperature as
is evident from Figure 4.5. A significant variation of the temperature leads to a completely
different value for the reaction order. Another way of looking at this is by saying that this
approach is only valid locally. In contrast, constructing a microkinetic model provides the
possibility of modeling a reaction over a very broad range of temperatures and pressures and
is in a way a more global approach.

Apparent activation energy

Besides analyzing the dependence of the partial pressures of the reactants on the overall
reaction rate by means of calculating the reaction orders, one can also investigate the influence

& CHAPTER 4
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of temperature on the activity by probing the apparent activation energy. The apparent
activation energy is given by the following equation (see also section 1.5.4 on page 24):

AEP _ pr2dlnrt

o (4-23)

The procedure is very similar as to the one showed earlier for the calculation of the
reaction orders. A linear fit is performed on the basis of equation 4.23 as shown in Listing
4.6. The only differences are that the coefficient interval is much smaller as the rate depends
much stronger on the temperature as compared to the pressure and that we multiply the first
derivative towards temperature by RT to obtain an answer in units of energy.

<
N e . , -
i Listing 4.6: Python functions to calculate the apparent activation energy at temperature T.
S
o i def main():

R i

3 Calculate the apparent activation energy

n win

5 T = 500 # temperature in K

6 R = 8.3144598 # gas constant

7

8 p,r = calc_eapp(T)

9 m,b = np.polyfit(p, r, 1)

10 plt.plot(p, r, 'o', label='Data points')

It plt.plot(p, mxp+b, '--', label='Linear fit')

12 plt.legend()

3 plt.title('Eapp = %f kI/mol' % (RxT*x2%m/1le3))

14 plt.xlabel('Temperature in K')

15 plt.ylabel('log(rate)"')

16 plt.show()

18 def calc_eapp(T):

nwin

20 Calculate the apparent activation energy at temperature T
21 i

2 pt = 20

23 pa = 2.0/3.0 * pt * leb # pressure of CO in Pa

24 pb = 1.0/3.0 * pt * le5 # pressure of 02 in Pa

25 pc = 0

26 mc = 80 * 1.66054e-27

27

28 # set series of factors to expend pressure in

29 diffs = [0.998, 0.999, 1.0, 1.001, 1.002]

30 rates = []

31 for diff 1in diffs:

32 x, y = solve_odes(T * diff, pa, pb, pc)

3 r_co2 = calc_kdes(T * diff, 1le-20, mc, 1, 0.561, 10e3) * y[-1,2]
34 rates.append(r_co2)

35

36 return np.multiply(diffs, T), np.log(rates)

The Python code to calculate the apparent activation energy at a spe-
cific temperature for the CO oxidation reaction can be found using
this link: @ https://www.mkmcxx.nl/downloads/input/solve_
mkm_ode_calc_eact.py

This derivative probes the effect on the overall rate as a result of a change in temperature.
A positive value of the apparent activation energy indicates that the overall reaction rate
increases when the temperature in increased. In contrast, a negative energy indicates that the
overall reaction rate would be decreased as a result of a decrease in temperature. Consequently,


https://www.mkmcxx.nl/downloads/input/solve_mkm_ode_calc_eact.py
https://www.mkmcxx.nl/downloads/input/solve_mkm_ode_calc_eact.py
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if the apparent activation energy is zero, this means that the reaction is at an optimum with
respect to temperature.

150000 \\

100000 \

50000 \
0

400 500 600 700 800 900 1000
Temperate T in K

Apparent activation energy AE, in J/mol

Figure 4.6: Apparent activation energy as a function of temperature.

In Figure 4.6, the apparent activation energy as a function of temperature is shown. From
this Figure, it can be seen that at low temperature, the apparent activation energy is positive,
whereas at high temperature, it is negative. This result can be directly interpreted in terms
of the Sabatier’s principle. At low temperature, the surface is partially blocked by CO (see
Figure 4.4) and increasing the temperature results in more available sites by which the overall
reaction rate can increase. In contrast, at high temperature the apparent activation energy is
found to be negative. Here, lowering the temperature would result in more gaseous species
to fixate on the surface. Thus, lowering the temperature would result in an increase of the
overall reaction rate. Finally, around T=575K, the apparent activation energy is zero. Looking
at Figure 4.3, we see that at this particular temperature, the overall reaction rate is at an
optimum. This was to be expected, as finding the extremum of a function can be done by
equating the first derivative of a function to zero.

Interestingly, a lot of chemical processes are run under certain conditions where the
apparent activation energy is positive. Given the above explanation, one could reason that
increasing the temperature would result in a higher activity and wonder why this is not
done. The argument for not increasing the temperature is that the apparent activation energy
only gives us an indication whether the overall reaction rate would increase or decrease with
respect to temperature. It does not convey anything about the selectivity of the reaction.
Typically, increasing the temperature of the reaction results in the production of unfavorable
side products that eventually have to be removed from the production stream. As such, overall
activity is rarely the most important criterion in deciding at which temperature the reaction
should be operated.

The above discussion already shows that the rate r in equation 4.23 is not in a sense
unique and has to be chosen with care. Rates are calculated with respect to a so-called key
component. Here, we have always chosen the key component to be one of the reactants. This
is of course a sensible choice, but if you are looking at a reaction wherein multiple products
can be produced, it might be more sensible to pick one of these products that is of interest.
Thus, the apparent activation energy is not some universal value for an overall reaction, but
depends on the specific key component that has been chosen. As such, in the literature, the
formula that is used to fit the apparent activation energy to the experiment is shown to make
the matter clear. Often, the fitting of the apparent activation energy is combined with the
fitting of the reaction orders and a formula such as the following is used:

& CHAPTER 4
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AEPP _
rj = vexp (R;“ Py, (4-24)
[

where r; is the rate of production or consumption of key component j, p; is the partial
pressure of reactant 4, v; is the stoechiometric coefficient of reactant 4, Eor¥ is the apparent
activation energy and v is a pre-exponential factor.

In the results as shown in Figure 4.6, we have chosen CO to be the key component.
It should be clear though that, due to the stoichiometry, if we had chosen any other key
component for our analysis, we would have obtained exactly the same result.

Degree of rate control

From the previous two sections, we have shown how to calculate the reaction orders and the
apparent activation energy. Another step further is to investigate the effect of the reaction
barrier of each of the elementary reaction steps on the overall reaction rate. To do this, we
use the method of as introduced by Campbell and coworkers. Herein, a degree of rate control
coefficient of a single elementary reaction step is defined as

xi = ( S ) , (4.25)
v kj#ki, K

where ; is the degree of rate control coefficient, r the overall reaction rate, k; the reaction
rate constant for elementary reaction step i and K; the equilibrium constant of elementary
reaction step i as defined by

kT
K= k% (4-26)
K2
Loosely speaking, the effect of lowering or increasing the reaction barrier of an elementary
reaction step on the overall reaction rate is probed. Importantly, only the barrier is varied. All
equilibrium constants including the reaction Gibbs free energy is kept constant. Schematically,
this is depicted in Figure 4.7.

initial state

final state

Figure 4.7: Schematic representation of varying the reaction barrier of an elementary reaction step while keeping
the Gibbs free energy of the reaction constant.

A positive value of ; indicates that the elementary reaction step is rate-controlling. In
other words, decreasing the reaction barrier for this elementary reaction step results in
an increase of the overall reaction rate. In contrast, a negative value of x; means that the
elementary reaction step is rate-inhibiting. Lowering the apparent activation energy then



100 Chapter 4. Microkinetic Modeling

results in a decrease of the overall reaction rate. Finally, the sum of all DRC coefficients of all
elementary reaction steps should be unity® as given by

Z xi = 1. (4-27)

The DRC analysis for CO oxidation is given in Figure 4.8. From this Figure, we can see
that independent of temperature, CO+O recombination on the catalytic surface is the rate-
limiting step. This was to be expected as adsorption-desorption steps are rarely rate-limiting
and this is the only elementary reaction step that occurs on the surface.

1.0 —— CO + * 2 CO*

——= O, + 2% 2 20%

------ CO* + O% 2 CO* + *
0.8 —.= CO, + * 2 COx*

0.6

0.4

0.2

Degree of rate control coefficient x (dimensionless)

0.0

400 500 600 700 800 900 1000
Temperate T in K

Figure 4.8: Degree of rate control coefficient as function of temperature.

Nevertheless, this result is very important as will become clearer in the next section. In the
case that the DRC analysis shows that only one elementary reaction step has a DRC coefficient
x = 1 and that all other elementary reaction steps have x = 0, then this means that this
elementary reaction step is rate-determining. In other words, the overall reaction rate r only
depends on the rate of this elementary reaction step. All other elementary reaction steps prior
to the rate-determining elementary reaction step are then at pseudo-equilibrium. We will use
this valuable approximation to create an analytic model of our kinetic system.

Finally, we should make an important note here. In the calculation of the degree of rate
control, we have used the overall reaction rate r. In principle, one can also use the rate for
any kind of particular reactant or product. The rate for this compound does not necessarily
have to be the same as the overall reaction rate, though for reactions where there is only a
single product, this is the case. But consider the situation wherein one reactant can form two
different product. In that case, the degree of rate control of one particular product will not
be the same as the degree of rate control of the reactant. It is up to the researcher to decide
which rate is important and relevant in your analysis and it might be that several degree of
rate control simulations have to be performed in order to fully convey the sensitivity on the
elementary reaction steps of the reaction mechanism.

8The proof for this equality is given in section B.8 of the Appendix.
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4.6 Degree of selectivity control

Besides the degree of rate control, it can also be of interest what the influence of a particular
elementary reaction step is on the selectivity rather than the activity of a reaction. In this
evaluation, one solves the following differential

On
€= <Bln;> , (4-28)
v kj#ki, K

where ¢; . is the degree of selectivity coefficient of compound ¢ due to a change in
elementary reaction step i and 7 is the selectivity of compound c.

Once the degree of rate control coefficients are known, it is fairly straightforward to
calculate the ¢; . coefficients as can be seen from the following derivation:

On
“he = <81n;-> (4-29)
v/ kj#ki, K
dln
= e e (4-30)
dlnk; byt s
Olnre/r
="ec <8lnpk/r> (4.31)
¢ kj#ki K,
_ Olnre _ Olnry (432)
—7\ \omk; ), h, oWk ) 43
J (EEA J CEEAE
= e (Xe,i = Xri) (433)

In other words, the degree of selectivity control is the degree of rate control using the
rate of the compound you are interested in minus the degree of rate control using the rate of
the overall reaction (i.e. of a specific reactant), multiplied by the selectivity of the compound
wherein you are interested. A positive degree of selectivity coefficient indicates that the
selectivity of this compound will increase when the barrier of the corresponding elementary
reaction step is lowered and a negative value indicates that the selectivity decreases if the
barrier is lowered.

From the sum-rule for the degree of rate control coeflicients, another sum rule can be
constructed. It is fairly straightforward to see that

S e =0. (434)
%,C

4.7 Comparison with Langmuir-Hinshelwood kinetics

In the previous section we have seen that some kinetic networks have only a single elementary
reaction step that is rate-controlling. In other words, that elementary reaction step is auto-
matically the rate-determining elementary reaction step. Such a system has the requirements
by which the Langmuir-Hinshelwood-Hougen-Watson approximation applies. Here, we will
demonstrate this by solving the system for CO oxidation in an analytic fashion.

If CO * +0x — CO,, * +x is the rate-determining step and we operate at zero conversion,
then we can assume that all other steps that precede this step are at pseudo-equilibrium.
Thus,
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CO + * & COx (4-35)
0, + 2% = 20% (4-36)

and consequently

0,
Kco = Cg (437)
Pbcobx
2
Ko, = 0029 (4’38)
2 poﬁ*

where K; is the equilibrium constant for adsorption of compound i, 6; is the surface
coverage of compound 7 and 6« is the fraction of free sites on the surface.
By introducing a mass balance, 9

bco + 0o + 0« =1, (4-39)

we can calculate the fraction of free sites as a function of the equilibrium constants and
the partial pressures.

1=0co + 0o + 0« (4-40)

= Kcopcobx + \/@9* + 0+ (4-41)
(1 + Kcopco + \/Kozpoz) O (4-42)

1
O = (4-43)
1+ Kcoprco + /Ko, Po,

We can use this result to explicitly calculate the coverages for o and 6o _,

Kcopco

fco = (4-44)
1+ Kcoprco + 4/ Ko, po,
/Ko, po,
0o =

1+ Kcoprco + /Ko, o,

) (4-45)

At zero coverage, the overall rate is given by the forward rate of the rate-determining
elementary reaction step as

T = kygs0cofo, (4-46)

krasKcopcoy /Ko, po,

= 5 (4-47)
(1 + Kcopco + ‘/Kozpoz)

9Note that we have neglected to take the surface coverage of CO,. The motivation for this assumption is that we
operate at zero conversion. This means that the partial pressure of CO, is zero so that any CO, that is formed on the
surface, immediately desorbs to the gas phase.

& CHAPTER 4
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At this point, we have an analytic expression for the overall rate. From this expression, we
can derive analytic expressions for the reaction orders and the apparent activation energy.

dlnr
nco = peoy (4-48)
Pco
oln kras Kcopco \/m ]
<1+Kcopco+m>
= Pco Orco (4-49)
1
= D1+ ;D2 —2Ds, (4-50)
é where
]
@
Oln (k Kcopco
Dy = Pco% (4-51)
Pco
Oln <K02p02>
Dy = PCO— 5 (4-52)
Pco
Oln (1 + Kcopco + \/Kozpoz)
D3 = pco pco : (4-53)
The terms D; can be readily solved, which give
D=1 (4-54)
Dy =0 (4-55)

Kcopco
D3 = (4-56)
1+ Kcoprco + /Ko, o,

and combining these three terms results in

nco = 1 — 20co- (4-57)

In a similar fashion, we obtain

1
no, = 5 — fo. (4-58)

2

These results are completely in line with the numerical results as shown in Figure 4.5,
though here we have gained the insight that the reaction order can be directly related to the
surface coverages. At a high surface coverage of CO, we see that the second term in the
equation becomes 1, which gives a reaction order of nco =1 — 2 -1 = —1. With decreasing
surface coverage, the reaction order increases and finally at low surface coverage of CO, the
reaction order becomes 1.

For no_, we can see from Figure 4.4 that the surface coverage of O* is negligible at all
temperatures (6 = 0). From our analytical derivation we can see that the reaction order
in O, should then be ng_ = % -1.-0= % This confirms our results as seen in Figure 4.5

where indeed a reaction order of % is seen for O,,.
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The apparent activation energy can also be readily derived.

Olnr
AE = RT2W (4-59)

kras Kcopeo |/ Ko, Po,
Oln 5
(1+Kcopco+, / K02p02>

= RT? .
R oT (4.60)
1
=D1+ Doy + 5D3 + 2Dy (461)
where
Ink
D = T2 1ds .
1=RT"—-= (4-62)
In K
Dy = RT222C0 6
2 =RT"— (4.63)
In Ko
D3 = RT? .6
3= RI"— (4-04)
, Oln (1 + Kcopco + \/Kozpoz)
Dy =RT o7 . (4.65)

which resolve to

Dy = AErds (466)
Dy = AHco (4.67)
D3 = AHg (4.68)

/K,
K, 1 0,Po,
Dy = AHco CoPco ~AH,

+1a :
1+ Kcopco + (/Ko,po, 2 “1+ Kcopco + /Ko, po,
(4-69)

Combining these terms gives

1
AE;SP = AE4s + AHco (1 — 2900) + AI‘IO2 (5 — 90) . (4.70)
Note that in the above expression, the part between the round brackets are equal to the
reaction orders:

AEY = ABys + AHco (nco) + AHo, (noz> ~ (4.71)

In other words, there is a clear relation between the apparent activation energy and the
reaction order. As these reaction orders in turn depend on the surface coverages, the apparent
activation energy also strongly depends on these surface coverages.

Again, the analytic expression provides us with a valuable insight what terms contribute to
the apparent activation energy. Importantly, the dominant term of in the apparent activation
energy is the barrier of the rate-determining step. All other terms relate to the energetics of all
elementary reaction steps that precede the rate-determining step. Here, the adsorption of CO
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4.7 Comparison with Langmuir-Hinshelwood kinetics 105

and Oy are the two elementary reaction steps that precede the recombination of surface CO
with O. Thus, the energetics of these steps (A H;) are seen in the expression of the apparent
activation energy.

The apparent activation energy in our example for CO dissociation can be interpreted as
follows. For the overall reaction to proceed, the system should have enough energy (tempera-
ture) to overcome the barrier of the rate-determining step. When the surface is completely
covered with CO, there are no free sites for O, to adsorb on. As such, first a CO needs to
be desorbed before O, can adsorb. This desorption costs energy and therefore the apparent
activation energy increases. Once CO is desorbed, oxygen can adsorb. As the adsorption
process is exothermic, some energy is released which decreases the apparent activation energy.
Let us assume that the surface coverage of CO is unity (completely covered), then the apparent
activation energy becomes

ABSY = ABys+ AHco (nco) + AHo, (noz> (4.72)
= 120k]J/mol 4 80k]J/mol — 0.5 - 40k]/mol (473)
= 180k]J/mol (4.74)

From Figure 4.6 we can see that around 400K, the apparent activation energy indeed
has a value of around 180 kJ/mol. Furthermore, from Figure 4.4 we see that this situation
corresponds to a surface nearly fully covered with CO. Indeed, from the coverages as obtained
from Figure 4.4 and using the formula for the apparent activation energy, Figure 4.6 can be
completely reproduced.
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4.8 Questions and Exercises

The answers to the questions and exercises are given at the end of this book in Appendix C
(page 135).

4.81  Questions

1. What is the motivation for constructing a rate expression using a power law? Why are
we allowed to use the stoichiometric coefficient of the reactant as the exponent in these
power laws for elementary reaction steps, but not (necessarily) for overall reactions?

2. Propose a series of elementary reaction steps which constitute the methanation reaction
(CO + 3H2 — CHy + HQO)

3. Why does methane immediately desorb after hydrogenation of CH, , but ammonia
does not after hydrogenation of NH,*?

& CHAPTER 4

4. For an overall elementary reaction steps with a clear stoichiometry and only one type of
product (i.e. having no side products), why does it not matter which key component is
used in the analysis of the reaction order or the apparent activation energy? Hint: Why
does the stoichiometric coefficient drop out?

5. Why is the surface coverage of O so low in the example of CO oxidation? (see Figure
4.4)

4.8.2 Exercises

The exercises are marked by a number of gears to indicate their difficulty levels.

(6 | e 0]

a) Calculate the degree of rate control parameters for all elementary reaction steps in the CO
oxidation reaction from the analytical expression as given in equation 4.47.

b) Derive the reaction order for O, in the CO oxidation reaction and show that your result
matches that of equation 4.58. Hint: You need to use the chain-rule.

Exercise 4.2 m

a) Show that equation 4.34 holds using the proof for the sum rule of the degree of rate control
coeflicients (eq. 4.27).
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Introduction

In the previous chapter we explained how to set up a simple microkinetic model for a unimolec-
ular and a bimolecular catalytic reaction. The reader was introduced to the stepwise approach
to construct such a model. We were able to calculate the reaction rate by time-integration of
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the ordinary differential equations (ODE) underlying the kinetic system. Moreover, it was
explained how one could numerically calculate the reaction order and the apparent activation
energy for the reaction. Finally, the methodology behind the degree of rate control analysis
and the degree of selectivity control analysis was explained.

In this chapter we will expand on the previous chapter by providing a hands-on tutorial how
to perform microkinetics simulations using the MKMCXX tool. We will discuss the results
of typical simulations and explain how to interpret these results. The whole procedure is
explained using a couple of simple examples. The reader is invited to download the MKMCXX
software and work alongside the book.

Installation

The program MKMCXX is a microkinetic modeling software suite for educational and research
purposes. The program can be found on its website http: //www.mkmcxx.nl and is free
to use. The program is originally written for the Linux operating system but has since been
ported to Windows. This chapter will focus on the use of MKMCXX in Windows as we
anticipate that most readers of this book will be using Windows. It is advised to always use
the latest stable version for Windows.

Download the zip package from the website and extract MKMCXX. The extracted folder
will contain two directories. The subfolder bin consists of the executable of MKMCXX
together with the necessary supporting files (i.e. the .dll files). The MKMCXX executable
requires a set of command-line arguments in order to perform a simulation, hence you
cannot start a simulation by simply opening the program by double-clicking on it. The second
subfolder place_different_runs_here is used for the simulations. The example folder
contains an input file (typically input.mkm) and a run file (run.bat). The run file is used to
start the MKMCXX simulation using the input file in that specific folder. Alternatively, you
can use the Command Prompt of Windows to start the simulation. A short tutorial how to
install the program and how to use the Command Prompt of Windows to start a calculation
is given in the YouTube video as found below.

Watch the short installation tutorial on YouTube using this link:
@ https://www.youtube.com/watch?v=_edo3JvAOAA

O Important

We advise to create a new folder for every simulation to keep everything tidy and
organized. Do not forget to add the input and run files into each folder.

The basic input

The input file of MKMCXX is structured into sections. The start of each section is indicated
using the syntax as found in Table 5.1.

The input file consists of four mandatory sections® which are used to define the microki-
netic model. These four sections are

1. &compounds: A list of all compounds in the system, for both gases as well as surface
intermediates, and their corresponding initial concentration.

"MKMCXX offers several non-mandatory sections. These instructions can be found in Appendix F on 211.

& CHAPTER 5
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Table 5.1: Symbols recognized by MKMCXX to define of separate certain areas of the input.mkm file.

l Symbol [ Function ‘

& The symbol & followed by a keyword will define a new section in the
input file.
# Placing # in the text will convert the text to comments. MKMCXX will

not use comments when executed therefore this give the user the option
to leave remarks in the input file.

; Most sections in MKMCXX consist of several columns. These columns
are separated by ;.

2. &reactions: All elementary reaction steps and their relevant kinetic parameters (e.g.
activation barriers and pre-exponential factors).

3. &settings: Specifies the type of the simulation, the pressure and what kind of post-
analytics need to be performed.

4. &run: Alist of temperatures and total simulation times.
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Here, we will explain how to construct a basic input file to perform an MKMCXX simu-
lation utilizing a simple example question. The different sections of the input file and the
interpretation of the results will be explained. It is strongly recommended to follow along
with this example as this gives a much better understanding of the input file and MKMCXX.

@ Example question

Consider the catalytic oxidation of carbon monoxide to carbon dioxide. Assume that
O, adsorbs dissociatively, whereas CO adsorbs molecularly. The overall reaction is
given by

2CO0 4 0, — 2CO,. (5.1)
Use the kinetic data as provided in Tables 5.2 and 5.3.

1. Calculate the steady-state production for catalytic CO oxidation. What is the
optimal operating temperature for the oxidation with respect to the production
of CO,, between the temperatures 400-1400 K? Take steps of 20 Kata time and
simulate for 1000 seconds. Assume ideal stoichiometry and a total pressure
of 20 bar.

2. What are the reaction orders of CO and O, and what is the effect of partial
pressure of the compounds on the reaction rate?

3. The apparent activation energy is a measure for the influence of temperature
on the reaction rate. What is the apparent activation energy for the reaction at
700 K. At what temperature is the apparent activation energy 0?

4. Determine the rate controlling step. Does the rate controlling step vary with
the temperature?
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found on YouTube using the link below. Please note that the chemo-kinetic
network in this video is different from the one used in the example.
@ https://www.youtube.com/watch?v=TQlEychXXc8.

Table 5.2: Parameters for the adsorption and desorption steps in CO oxidation.

Compound [ A[m?] [ m (a.u.) [ o] [ Orot [K] [ E,g4s [kJ/mol] ‘

CO 1-10—20 28 1 2.8 8o b
0, 1-10—20 32 2 2.08 40
Co, 1-10—20 8o I 0.561 10

To set up the microkinetic model for catalytic CO oxidation we will partially use the steps
as previously shown in Chapter 4 on page 84.

1. Construct the set of elementary reaction steps that describes the reaction mechanism.

2. Define boundary conditions, initial values and data parameters for the system (e.g.
temperature, pressure, concentrations).

& CHAPTER 5

3. Construct the input file for MKMCXX.
4. Interpret the results of the simulation using our chemical intuition.
We start with constructing the elementary reaction steps for CO oxidation. The overall

reaction of CO oxidation (Equation 5.1) constitutes the following four elementary reaction
steps:

CO + * =COx* (5-2)
0, + 2% 52 0% (5:3)
CO * +0% SCO, * + (5-4)
CO, + * SCO,x* (5-5)

Next, we define the boundary conditions of the microkinetic model. From the description
in the example question, we can obtain the following boundary conditions:

1. The pressure is 20 bar with a stoichiometric ratio of 1:2 for the partial pressures of CO
and O,, respectively.

2. The temperatures of the reaction are between 400 and 1400 K and modeled every 20
K.

3. The kinetic data for the rate expressions are given in Tables 5.2 and 5.3.

Table 5.3: Parameters for the surface reaction of CO oxidation.

| Reaction | vsls™Y [ wls™) | EJg/mol | EB[kj/mol] |
[CO*+0* — CO*+* [ 1008 [ 1088 [ 120 [ 180 |
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Compounds

We start constructing the input file for the calculation by defining all compounds in our
system. In MKMCXX a compound is defined by three arguments, separated by semicolons.
These three arguments are:

1. The name of the compound, which can in principle be anything but it is advised to use
the molecule structure for clarity. Please avoid special characters such as #’ as they
have a different meaning in the input file.

2. Indicate whether the compound is a gas phase species or a surface intermediate. A
value of 0 designates a gas phase species and a value of 1 a surface intermediate. From
here on, we will use the term 1isS1te to refer to this value.

3. The initial partial pressure as fraction of the total pressure. The latter is specified in
the &settings section.

The list of compounds has to contain every compound in the system. That is, the input file
must contain a complete list of reactants, products, catalyst sites and adsorbed intermediates
of the reaction. In the next section, we will refer to these compounds when defining the
elementary reaction steps. Neglecting to specify a compound will result in an error message
of the program.

Let us start by first defining all gas phase compounds. In Listing 5.1, a snippet of the
input file corresponding to the gas phase compounds can be found. We start by opening
the &compounds section. The compounds are specified using three semicolon separated
columns, wherein the first column sets the name of compounds, the second column whether
the compound is a surface intermediate and the final column the starting concentration.

Listing 5.1: Gaseous compounds

#The line below tells MKMCXX to start indexing the compounds.

1
2 &compounds

3

4+ #Name; 1isSite; Concentration
5 CO; 0; 1.0

6 02; 0; 2.0

; C02; 0; 0.0

Note that the gaseous compounds are not adsorbed onto the catalyst surface, thus isSite
is set to o. The concentration is partial pressure of each compounds with respect to the total
pressure defined in the &settings section. Since the mixture of gaseous compounds is
stoichiometric, the partial pressure of O, is twice as high as the partial pressure of CO.

Listing 5.2: Adsorbed compounds

#Adsorbed compounds
#Name; isSite; Concentration

[N NV

CO*; a8 0.0
[OL.4 aLg 0.0
CO2x%; dLg 0.0

The input settings for the surface intermediates (adsorbed compounds) are provided in
Listing 5.2. To clearly list the adsorbed compounds, it is advised to append a symbol to the
compound names. Here, we have used a "*”. Note that O, adsorbs dissociatively onto the
catalyst surface, hence we only have O* and not O, *.

Next to adsorbed species on the catalytic surface, an empty catalytic site is also a surface
intermediate. The empty catalytic site is shown in Listing 5.3 and is named "*". At the start of
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the reaction, we assume that the catalytic surface is empty (this is a common assumption in
microkinetics) and hence we set the starting concentration to 1.0.

Listing 5.3: Catalyst compounds

[P

*3

#Catalyst
#Name; 1isSite; Concentration

1; 1.0

5.3.2 Reactions

The &reactions session specifies all elementary reaction steps in the system. The section
is opened using the &reactions keyword. MKMCXX differentiates between two types of
elementary reaction steps: Arrhenius-type (see Equation 3.12 on page 79) and Hertz-Knudsen
type (see Equation 3.7 on page 77 and Equation 3.10 on page 78). The former is used for
surface reaction, whereas the latter is used for adsorption/desorption reactions. Arrhenius-
type reactions require 6 arguments and Hertz-Knudsen reactions require 8 arguments. For
the adsorption and desorption the Hertz-Knudsen equations are a better approximation
compared to the Arrhenius equations as they more adequately describe the entropy changes
upon adsorption/desorption. The arguments for the Hertz-Knudsen equations are as follows:

I.

. The surface area of the active site in m

Specify which set of equations need to be used by MKMCXX. The Hertz-Knudsen
equations are specified by HK and the Arrhenius equations are specified by AR.

. The adsorption or desorption reaction. The compounds need to be within curly brackets

{}. Make sure that the compounds match the compounds in the &compound section.

2

. The molecular mass of the molecule in Dalton.
. The characteristic temperature for rotation 6, in K.

. The symmetry number, o, which represent the number of indistinguishable orienta-

tions as result of rotation.

. The sticking coefficient of the molecule. (if unknown, use a value of 1 here)

. The desorption energy in J/mol. (it is defined in such a way that for exothermic adsorp-

tion, the value here should be positive positive)

For the elementary reaction steps that occur completely on the catalyst surface, the
Arrhenius-type equation is best. Herein, it is assumed that the entropy between the initial,
transition and final state does not change significantly. For the Arrhenius equations, the 6
arguments are as follows:

I.

2.

. The pre-exponential factor for the forward reaction in s™*.

. The pre-exponential factor for the backward reaction in s~-.

Specify the Arrhenius equation with AR.

The surface reaction (see above).

1

1

. The activation energy for the forward reaction in J/mol.

. The activation energy for the backward reaction in J/mol.
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5.3 The basic input 113

By using the data as given in Tables 5.2 and 5.3, the adsorption/desorption reactions are
specified as given in Listing 5.4.

A Important

Always specify Hertz-Knudsen-type elementary reaction steps as adsorptions. In
other words, place the gas phase components on the left-hand-side of the equation
and the adsorbed species on the right-hand-side.

Listing 5.4: Adsorption and desorption reaction steps

#The line below tells MKMCXX to index all reaction steps.

1
> &reactions

3

4+ #Adsorptions/desorption’s

s #Type Reaction mh2 amu Theta sigma stick J/mol
6 HK; {CO} + {*x}=> {COx}; 1le-19; 28; 2.8; 1; aLg 80e3
7 HK; {02} + 2{*}=> 2{0*}; le-19; 32; 2.08; 23 alg 40e3
8 HK; {CO02} + {*}=> {CO2*}; 1le-19; 80; 0.561; 1; a3 10e3

In a similar fashion, the input for the Arrhenius-type of equations is given in Listing 5.5.

Listing 5.5: Surface reaction

#Surface reactions

2 #Type Reaction vf vb Eaf Eab
3 ARj {Co*} + {0*} => {C02%*} + {*}; 10el13; 10el3; 120e3; 180e3
Settings

The settings section of the input file is started using the &settings keyword. In the settings
sections, the program determines what analytical routines are used to evaluate the specified
system. The settings are specified using the well-known keyword-value pairing as represented
by

Keyword = new value.

For a basic simulation without using any of the analytical tools, only the type of simulation
and the overall pressure of the system need to be specified. The simulation type is a so-called
sequence run and the overall pressure, as given in the example exercise, is 20 bar. The code
snippet for these settings is provided in Listing 5.6.

Listing 5.6: Settings CO

#The line below tells MKMCXX what settings to use
&settings

TYPE = SEQUENCERUN
PRESSURE = 20

A bW B on

MKMCXX is highly tunable and offer a much broader set of keywords. In the upcoming
sections, the most important analytical tools will be discussed. For a more thorough overview
of the possible keywords, we refer to Appendix F on page 211.
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Runs

The final (mandatory) section is &runs. Herein, the set of simulations are provided. A
simulation is the time-integration of the ordinary differential equations underlying the chemo-
kinetic system. To perform this time-integration, the following parameters are required:

1. The temperature in K.
2. The timeins.

3. The absolute tolerance.
4. The relative tolerance.

The example exercise asks us to evaluate the reaction between 400 and 1400 K in steps
of 20 K. The simulation time for each of the simulations is set to 1000 s. The sample exercise
does not provide any specifications for the tolerances and hence we opt for using the default
values. If no values are given, the program automatically resorts to using the default values,
which are 108 for the absolute tolerance and 10~ 12 for the relative tolerances. Here, we
are going to use the default values and explicitly provide these as input. This results in the
following &runs section as provided in Listing 5.7.

Listing 5.7: Temperature time and tolerance variables for the model.

1 #The line below tells MKMCXX on what temperatures and how to simulate the catalytic
reaction

&runs

#Temp; Time; AbsTol; RelTol

6 400; le3; le-8; le-12
7 420; le3; le-8; le-12
8 440; le3; le-8; 1le-12
9 # ..

1o # More desired temperatures.
u # ...
12 1360; le3; le-8; le-12

5 1380;  le3; le-8; le-12
14 1400;  le3; le-8; le-12

5.4

5.4.1

This concludes the basic input data that is needed for the oxidation reaction of CO to
CO,. The input file is complete and MKMCXX is ready to perform the simulation. We
warmly recommend the reader to copy the input above and perform a single simulation before
continuing to the data interpretation section. If any errors occur, look into the Common
Problems section in Appendix F on page 211.

Kinetic analysis tools

In this section, we introduce a few kinetic analysis tools to investigate the chemokinetic
network. If the reader is curious about interpreting the results of the simulation, he/she is
invited to skip this section and immediately go to section 5.5 on page 116.

Reaction order

MKMCXX is able to calculate the reaction order by means of numerical approximation as
shown in the previous chapter (see page 94). This is done by performing four additional
calculations, each at a slightly different partial pressure of one of the key reactants and finally
calculating the derivative using a linear fit. In this section, we will elaborate on how a reaction
order analysis is performed using the CO oxidation example.
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5.4 Kinetic analysis tools 115

Listing 5.8: Code snippet to enable a reaction order analysis.

#The line below tells MKMCXX what settings to use
&settings

TYPE = SEQUENCERUN

PRESSURE = 20

# Specify REAGENTS here
REAGENTS = {CO}, {02}

# Calculate reaction order
10 ORDER = 1

[ N A VN VU

5.4.2

By default, MKMCXX does not calculate the reaction order of a reaction. Evaluation of the
reaction orders is specified in the &settings section by setting ORDER = 1. Furthermore,
the user needs to set for which reactants the reaction order should be evaluated. This is shown
in Listing 5.8.

Note that the settings section has been slightly altered. First the REAGENTS were specified.
This tells MKMCXX which compounds should be evaluated when calculating the reaction
order. Multiple gas phase compounds can be added to this section and are delimited by a
comma. Remember to use the curly brackets to sandwich the compounds!

Apparent activation energy

The effect of temperature on the overall rate of the reaction can be determined by calculating
the apparent activation energy as discussed in chapter 4.4 on page 96.

The apparent activation energy can be calculated in MKMCXX by setting the EAPP keyword
to unity. The program simulates four additional points at slightly different temperatures.
After calculating these 5 points, the apparent activation energy is found by performing a linear
fit on the following equation:

Olnr dlnrt
EXP — _R oL - RT? o7 (5.6)
T

In equation 5.6, the rate r refers to the rate of a key component. One can easily imagine
that in parallel reaction networks, the apparent activation energy is not necessarily the same
for each reactant or each product. In principle, there is no such thing as a unique apparent
activation energy for a reaction. Thus, to calculate the apparent activation energy, we need
to specify the key component for which the apparent activation energy is evaluated. The
corresponding &settings section of the input file is shown in Listing 5.9.

Listing 5.9: Code snippet to enable apparent activation energy analysis.

#The line below tells MKMCXX what settings to use
&settings

TYPE = SEQUENCERUN

PRESSURE = 20

# Specify key components
KEYCOMPONENTS = {CO}

I N VI VU

# Calculate apparent activation energy
o EACT =1
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Please note the inclusion of the KEYCOMPONENTS keyword. Multiple key components can
be specified and these components are delimited by using a comma. By setting EACT = 1,
MKMCXX will calculate the apparent activation energy for each of the key components.

Degree of rate control

To investigate the influence each elementary reaction step has on the overall reaction, we can
perform a degree of rate control analysis. The degree of rate control, as explained in chapter
4, probes the effect of increasing or decreasing the barrier of the elementary reaction step on
the overall reaction rate (of a designated key component).

MKMCXX evaluates the degree of rate control by performing 4 additional calculations
with slightly different prefactors (v and 1) while keeping the equilibrium (K) of all reactions
constant. Because the DRC analysis is relatively expensive, you need to specifically set for
which elementary reaction steps the analysis needs to be performed. This is done by appending
a 0 or a 1 after the elementary reaction step. The procedure is shown in Listing s.10.

Listing 5.10: Enabling degree of rate control analysis for the elementary reaction steps. Note that ";1” after each
elementary reaction step.

#The line below tells MKMCXX to index all reaction steps.

1

2 &reactions

3 #Adsorptions/desorption's

4+ #Type Reaction mh2 amu K sigma

sticking J/mol DRC

5 HK; {co} + {x} => {CO*}; le-19; 28; 2.8; i3 1;
80e3; 1

6 HK; {02} + 2{*} => 2{0x}; le-19; 32; 2.08; 28 aLg
40e3; 1

7 HK; {Co02} + {*x} => {CO02x*}; le-19; 80; 0.561; 1; 1;
10e3; 1

9 #Surface reactions

10 #Type Reaction vf vb Eaf Eab
DRC
i AR; {Cox} + {0%}  => {C02x} +  {x}; 10e13; 10el3; 120e3; 180e3;

1

In the &settings section of the input file, the keyword DRC needs to be set to one and
the KEYCOMPONENTS need to be set. This is shown in Listing 5.11.

Listing 5.11: Degree of rate control settings

#The line below tells MKMCXX what settings to use
&settings

1
2

3 TYPE = SEQUENCERUN

4+ PRESSURE = 20

5

6 # Specify key components

7 KEYCOMPONENTS = {CO}

8

9 # Perform degree of control analysis
o DRC = 1

55

Data interpretation

If you completed the procedure as shown in section 5.3, your calculation should now be up
and running (if not, consult the Troubleshooting section in the Appendix on page 211). If
you have also added the kinetic analysis tools of the previous section to your simulation, you
should now have calculated the steady-state rates of adsorption, desorption and production
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5.5 Data interpretation 117

at a series of temperatures, the reaction order for the compounds CO and 0,, the apparent
activation energy and the degree of rate control for the oxidation of CO to CO,. In this section,
we are going to investigate the results from the simulation.

MKMCXX will create a folder called TYPE_OF_RUN_'date'_'time' to store all output
files in, where ’date’ and "time’ have been replaced by the current system date and time. In
the example above, this will results in a folder called SEQUENCERUN_'date'_'time'. In
this folder, a subfolder is created for every temperature as specified in the &runs section.
Furthermore, there is a folder called graphs, a folder called networkplots and a folder
called range. Lastly, there are four text files which are: compounds.log, input.log,
reactions.logand warnings. log.

Each temperature folder contains the fractional surface coverages at that temperature
as a function of the simulation time as well as the consumption and production of gas
phase reactants and products. These files are tab-delimited text files and can be opened in a
Spreadsheet program such as Microsoft Excel.

The graphs folder contains graphs which can be used to quickly evaluate the calculated
data. These graphs are automatically generated using the Cairo library3 and are specifically
not intended for reproduction in papers or reports, although this up to discretion of the user.
We always recommend remaking the graphs to suit your (or the journal’s) style using a proper
tool such as Origin, Excel or the matplot1lib module in Python.4 In Figure 5.1, an example
is shown of a typical graph generated by MKMCXX depicting the production of CO, and the
consumption of CO and O, as function of the temperature. Figure 5.2 shows the same data,
but then remade using matplotlib.5 Arguably, there is quite some difference in quality
between Figures 5.1 and 5.2 and the latter Figure can furthermore be altered or tuned to your
specifications. Throughout this chapter, we will opt for using matplotlib to generate our
figures.

SEQUENCERUN. 2018~ 10- 30_ 1420/ gr aphs/pdf/der i vati ve. pdf

Production [mol/s]

WX

T
400 500 600 700 800 900 1000

A-CO -¥-C02 4-02

Figure 5.1: Production of CO, as function of temperature, the MKMCXX figure.

The networkplots folder contains files which can be visualized using the program
GraphViz® and these files visualize the network of elementary reaction steps and their reaction
rates. Unfortunately, the procedure only works (at the moment) on Linux and hence we will
not further discuss it here. The user is advised to consult the online Wiki.7

The range folder contains the fractional coverage of surface intermediates and the
consumption and production rates of gas phase reactants and products as a function of
temperature (i.e. the range refers here to the range of temperatures). Furthermore, this
subfolder holds the calculated values of the reaction rate constants k, the prefactors and the
rates of the elementary reaction steps. If the reaction orders, apparent activation energy and
degree of rate control are calculated, each will get their own sub folder respectively.

3See: https://www.cairographics.org/

4The main reason for this is that the plotting tool is not exactly smart and it uses some default settings for the
visualization. These settings are not universal and we anticipate that for production data some fine-tuning is necessary.

5See https://matplotlib.org/ for more information about using matplotlib to generate graphs.

0See https://www.graphviz.org/ for more information about GraphViz.

7See https://wiki.mkmcxx.nl.
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Figure 5.2: Production of CO, as function of temperature plotted with Spyders.

The file compounds. log contains an overview of the compounds in the system and
whether they occupy a site. The file input.log contains an exact copy of the input.mkm
file which functions as a backup for future reference. Please do not see this as an excuse to
neglect performing every individual simulation in a separate folder. The reactions. log
file contains the elementary reaction steps and the rate constants as a function of temperature.

Finally, the warnings. log file reports problems or errors from the simulation. Always
consult this file carefully, but be mindful that sometimes false positives are triggered. This
means that if a warning is generated, it does not necessarily imply that your calculation is

€IToNneous.
Operating temperature and production

The adsorption equilibria of the compounds of a system depend on the temperature. In
Figure 5.3, the coverage of the compounds is plotted as a function of the temperature.
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Figure 5.3: Surface coverage of the compound CO as a function of temperature.

Figure 5.3 shows that with temperatures below 550 K, CO is the most abundant reaction
intermediate (MARI). With increasing temperature, the equilibrium of CO adsorption shifts
to the gas phase side and hence the amount of free catalyst sites increases. Comparing these
results with Figure 5.4, we see that with decreasing surface coverage of CO, the production of
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CO, increases. This result can be rationalized as with an increasing number of free surface
sites, there are more available sites for dissociative adsorption of O,. Further increasing the
temperature above 600 K reduces the coverage of CO to nearly o and hence negatively impacts
the production of CO,.
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Figure 5.4: Optimal operation temperature with the respect to the production of CO,.

Using Figure 5.4, we are able to answer the first question of the example exercise. From
this Figure, it can be seen that the optimal operating temperature of our catalyst (i.e. the
temperature at which the activity is highest) is at approximately 570 K.

5.5.2 Reaction orders

The reaction order in CO and O, as function of temperature is shown in Figure 5.5. The
graph generated by MKMCXX can be found in the graphs folder after the simulation. The
corresponding numeric data can be found in the graphs/order subfolder.

1.00 — co*
——- 0,

0.25

0.00

Reaction order

-0.25

-0.50

-0.75

-1.00

400 500 600 700 800 900 1000
Temperate T in K

Figure 5.5: Reaction order of CO and O, as function of temperature.

From the Figure 5.5, it can be seen that the reaction order in CO is around -1 at very low
temperature. From the definition of the reaction order, this implies that a doubling of the
partial pressure of CO will result in halving the rate for CO, production. Furthermore, it can
be seen that the reaction order of O, is independent of the temperature. We can now readily
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answer the second part of the example exercise. The reaction order for 0, is a constant value
of 0.5 and therefore doubling the partial pressure of O, will increase the rate of the reaction
by a factor v/2. The reaction order for CO is not constant and increases with increasing
temperature. For low temperatures doubling the partial pressure will halve the rate of the
reaction as the surface is already poisoned by CO as can also be readily seen in Figure 5.3. For

higher temperatures, doubling the partial pressure of CO will double the rate of the reaction.

Another way of interpreting these results is as follows. At elevated temperatures, the
catalytic surface is nearly empty. When the surface is empty, there is insufficient amount
of reactant on the catalytic surface. Increasing the partial pressure of CO will thus increase

the impingement rate of CO with the surface and hence increase the overall reaction rate.

A similar reasoning applies to O,, but with the notable difference that only a single oxygen
atom of the oxygen molecule is required. This leads to a reaction order of a half.

Apparent activation energy

The graph for the apparent activation energy, as generated by MKMCXX, can be found in the
graphs/eact subfolder of the simulation. The corresponding numeric data calculated can
be found in the subfolder range/eact. The apparent activation energy for CO oxidation as
function of temperature is plotted in Figure 5.6.

150000

100000
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Apparent activation energy AE, in J/mol

400 500 600 700 800 900 1000
Temperate T in K

Figure 5.6: Apparent activation energy for CO as function of temperature.

Careful examination of Figure 5.6 shows that the apparent activation energy for CO
oxidation is negative above 570 K. As the highest activity is observed around 570 K, this
implies (form the definition of the apparent activation energy) that the apparent activation
energy at that point is o. Above 570 K, this leads to negative apparent activation energies as
one needs to decrease the temperature in order to increase the rate. Vice versa, below 570 K,
the apparent activation energy is positive as one needs to increase the temperature to increase
the rate.

Degree of rate control

The graph for the degree of rate control analysis can be found in the drc subfolder. The
results for the degree of rate control analysis are shown in Figure 5.7.

In the example exercise, we were asked to determine the rate controlling step. As expected,
the dominant rate controlling step for the oxidation of CO is the recombination of CO and O
on the surface. This elementary reaction step has a DRC coeflicient of unity, independent
of the temperature. In other words, it is the rate-determining step (as opposed to having
multiple rate-controlling steps).
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Figure 5.7: Degree of rate control as function of temperature.

5.6 Convergence

The program MKMCXX is capable of performing microkinetic simulations for large complex
catalytic reactions, nevertheless it is important that the compounds of the reaction have
converged at the end of the simulation time. In other words, we are typically seeking the
steady-state solution thus we integrate in time sufficiently long that we expect this solution to be
reached. This is of course not guaranteed and it can be the case, especially at low temperatures,
that the calculation is not yet converged with respect to time-integration. MKMCXX will issue
a warning for most convergence problems, however it is important to note that the generated
data should always be scrutinized by the user to check for convergence.
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Figure 5.8: Surface coverage versus time at 450 K.

Figure 5.8 shows the surface coverage of the catalyst with respect to the time for the
simulation at 450 K. Evaluating this Figure shows that the components of the CO oxidation
are converged after 1- 10~7 seconds.

Due to the significant difference of the rates of the individual elementary reaction steps, the
time-integration of the chemokinetic networks typically shows three characteristic regimes:

1. Reactant adsorption onto the surface site.

2. Surface reaction initiation.



57

122 Chapter 5. Performing microkinetics with MKMCXX

3. Reaction propagation.

The last two step may occur simultaneously if the initial reaction steps are rate controlling
or the reaction network consists of no serial reaction steps.

Recall from section 1.5.2 on page 19 that this is exactly the reason why we are allowed
to use the quasi-equilibrium assumption. The rates for adsorption/desorption are
much faster that the rates for the surface reactions. Thus, adsorption/desorption is
already pseudo-equilibrated with respect to the other elementary reaction steps.

A Important

| r

Be careful with assuming a reaction has converged just because the concentration
does not change anymore. Always carefully check your data and perform additional
calculations at somewhat longer time scales.

Numerical versus analytical

In the previous sections we explained how to model a microkinetic network using the program
MKMCXX. We showed how to model a heterogeneous catalytic reaction and how to interpret
the numerical output data. In this section we will derive an analytical solution for same the
chemokinetic network and compare the results with the numerical solution of MKMCXX. We
will highlight when such a procedure is possible and what additional insights can be gained
from deriving an analytical solution.

Assuming that the surface reaction from CO to CO, is the rate determining step®, and
furthermore using the pseudo-equilibrium assumption and the zero conversion assumption,
we obtain the following equations for the site-balance and the surface coverage of CO:

fco + 0o +6x =1 (57)
Kcopco (5.8)

fco =
1+ Kcoprco + /Ko, o,

Because zero conversion was assumed, the overall rate is equal to the forward rate of the
rate-determining step.

kasKcopco /Ko, po, 50)
Trds = 59
(1+ Kcopco + /Ko, po,)?

In chapter 3, the general rate of adsorption and desorption known as the Hertz-Knudsen
equations was derived. Here, we repeat the formula for convenience.

PiA;
kags = .I0
ads \/27‘(’77111;ka (5 )

. kT3 Ay (2mmiky) —Ees,i
des = 7p3 kT )’

a5 erot,i

8This is already confirmed by the simulation, but it is good to mention it here again as an assumption.
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wherein ¢ represents the molecule adsorbing onto the catalyst site. From equations 5.10

and 5.11, we can readily calculate the equilibrium constant for adsorption

k.
K= kads (5.12)
des
piAi
_ V2mmiky T (5.13)
k‘bTS A, (27Tmikb) 7Edcs,i '
h3 0ot &P\ "% T

_ Pihsgierot,i ex Edes,i (5.14)

kp T2 2mmiky )15 P\ kyT '

Using the obtained expression for the equilibrium constant of the adsorption/desorption
reactions, the overall rate of the reaction can be calculated. In Figure 5.9 the analytical solutions

of the overall rate using the Hertz-Knudsen equations are plotted against the numerically

calculated solutions of MKMCXX.
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Figure 5.9: Analytical solution versus numerical solution

Figure 5.9 shows that the numerical and analytical solution perfectly match. The reason
for this match is that the fundamental assumptions behind the analytical derivation remain

valid over the whole temperature range. This is more of an exception than a rule.
The same procedure can be repeated for the reaction order and the apparent activation

energy. This is basically already covered in section 4.7 on page 101.

5.8 Exercises
The answers to the exercises are given at the end of this book in Appendix C (page 135).
The exercises are marked by a number of gears to indicate their difficulty levels.

(o IR <
Consider the CO oxidation reaction as discussed in Chapter 5 on 108.
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The input file contains everything needed for this exercise and in principle needs no
altering. However, we always encourage to alter some values to get some more feeling for
performing microkinetic simulations.

a) Run the simulation using the provided input file in MKMCXX. What is the optimal
temperature for CO oxidation?

b) Which of the elementary reaction steps is the rate-determining step?

Exercise 5.2 n

Consider the following overall reaction which converts reactants A and B to product C, as
given by
A+B—C. (5-15)

The chemokinetic network consists of the following four elementary reaction steps

A+ x SAx
B+ x SBx

A x +B*x SCx 4%
C+ * SCx

In Table 5.4 and 5.5, the kinetic parameters for the elementary reaction steps are given.

Table 5.4: Kinetic parameters for the adsorption and desorption steps

| Compound [ A[m?] [ m(au) [ o[] [ brot [K] [ Eyuq, [kJ/mol] |

A 1-10—20 40 I 2.92 50
B 1-10—20 16 I 1.66 100
C 1-10—20 63 I o.601 5

a) The total gas pressure is 30 bar and the reactants are fed stoichiometrically. Perform a
microkinetic simulation using MKMCXX between 500 K and 1500 K in steps of 50 K. What
is the surface composition of where the production of C is the highest? At what temperature
does this occur?

b) Calculate the forward reaction rate constant of the adsorption reaction of compound A
using the expression generated by MKMCXX at T' = 750 K.

Table 5.5: Kinetic parameters for the surface reaction.

| Reaction | vsls™Y [ wls™) | EJfg/mol] | Eb[k/mol] |
[A*+B* — Cx+* [ 2088 [ 1013 ] 90 | 320 ]

& CHAPTER 5
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Consider the following overall reaction

A, +B—E (5-16)

The relevant kinetic parameters for the rate expressions can be found in Tables 5.6 and

5-7-

Table 5.6: Parameters for the adsorption and desorption steps

| Compound [ A[m?] [ m(au) [ o[] [ 6ot [K] | Eygs [k]/mol] |

A, 1-10—20 32 1 1 100
B 1-10—20 15 1 1 110
E 1-10—20 10 1 1 50

a) Construct the set of elementary reactions steps that describes the reaction mechanism as
given by the overall reaction.

b) What is the expected rate-determining step on the basis of the kinetic parameters?
c) Construct an input file for MKMCXX to perform a microkinetic simulation between

T =500-1500 K. What is the rate-determining step and how does this change with respect to
temperature?

6| ecsesa | s

Consider the following parallel reaction network, wherein A can be converted to both E,
as well as F as given by

A —E, (5.17)
A—F (5-18)

The reaction proceeds via the following set of elementary reaction steps

Table 5.7: Parameters for the surface reaction.

Reaction | vsls™Y [ wls™) | EJg/mol] | Eb[k/mol] |
A¥ +B* — C*+* | 1013 1013 100 50
A* — D* 1013 1013 75 120

C* + D* S B 1013 1013 50 50
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A+ xS Ax
= 2Bx
Bx = Cx
Cx = Ex
2Ex S E, + 2%
Bx = Dx
2D* & Fx*

Fx S F

(5-19)

The input file for MKMCXX containing the relevant parameters for the
rate expressions is found using the following link:

: .a-E':"';;j.;-‘ 2 https://www.mkmcxx.nl/downloads/input/input_ex4.mkm
E.I- . . If‘"u- P

a) Assume that the dissociation of A into 2B is rate controlling at 1400 K. Calculate the rate
and compare this with the rate as calculated by MKMCXX.

b) What is the most abundant reaction intermediate between 6oo and 8oo K?

c) Evaluate the results of the DRC analysis. At lower temperature, the DRC (with respect to
component A) of Bx = Dx is negative. How should this result be interpreted?

d) The current simulation favors the production of E,. What would you change in the
parameters to increase the selectivity towards F?

& CHAPTER 5
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FUNDAMENTAL CONSTANTS

APPENDIX

l Constant [ Symbol [ Value [ Units
Speed of light c 2.99792458 - 103 m-s !
Planck’s constant h 6.2606957 - 1034 J-s
Boltzmann’s constant ky 1.3806488 - 10~23 J-K~1
Avogadro’s constant Ny 6.02214129 - 1023 mol ~1
Gas constant R 8.3144621 J-K~1.mol —1
Atomic mass constant may 1.660538921 - 10—27 kg
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B.1  Stirling Approximation
Stirling’s theorem states:
1
Varn™ e < nl < V2an e (1 + 4—) (B.1)
n
Therefore,
1
In(n!) = (n+ 5) In(n) —n+C (B.2)

this reduces to the simpler form,

In(n!) ® nln(n) —n

where C' is a number inbetween 0.9189 and 0.9189 + In (1 + ﬁ) For large values of n

(B-3)
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Gaussian integrals

o0
/ exp_x2 dz = /7 (B.-4)
— 00
o0 1 2n+1
/ 22 =2/ 4y — \/77@ (ﬂ) (B.5)
0 n! 2
/OO z277,-‘,-1 exp—g;Q/aQ dr — %!a2n+2 (B6)
0

Taylor expansion for the exponential function

A Taylor series is a representation of a function as an infinite sum of terms that are calculated
from the values of the function’s derivatives at a single point. Mathematically, the Taylor series
is given by the following formula

f(z)

>, () (q
:Z (a)

n!

(z—a) (B.7)
n=0

where f(z) is the function we wish to approximate, £(") is the nth order derivative of
f(z) and a is the point from which we wish to evaluate the derivatives. When a = 0 is chosen,
the series is also called a Maclaurin series. Here, we are going to apply the above formula to
derive a Maclaurin series for the exponential function.

> #(n)
expx = Z fim)(x —a)" (B.8)
= n!
o) dexpxl 0
=
= (B.9)
n=0 ’
o .n
= L' (B.10)
n=0 "
10 11 12 13
:a“r?'i'a-'r;‘i‘ (B’H)
2 3
T T
=ld+aot+ o+t (B.12)

From the factorial in the denominator, you can already guess that this series converges
quite rapidly. Furthermore, when z is much smaller than one, only the first few terms have
to be considered of this series. If we for instance only take the first term into consideration,
we say that we cut the series off at the linear term so that our Taylor approximation becomes

expr~ 14+ foraz < 1. (B.13)
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B.4 Geometric series

131

Geometric series

In mathematics, a geometric series is a series with a constant ratio between successive terms.

Here, we will derive an expression for a special case of an infinite geometric series.

Consider the geometric series

oo
a+ar+ar2+ar3+...: Zark.
k=0

Such a series can converge when the absolute value of r is sufficiently small as
a
STark = —— for|r| <1
1—-7r

Lagrange’s method of undetermined multipliers

(B.14)

(B.135)

When optimizing a (multivariable) function f under a constraint, we can use Lagrange’s
method of undetermined multipliers. We introduce for each constraint a new variable ();)

called a Lagrange multiplier and study the Lagrange function

L(z1,m9, @, A, A2, A) = f@n, @2, @) = > Ni-gi(@1, 32, ,2;), (B.16)
i

where g; is a function representing constraint . The constrained extrema of f are then

the critical points of the Lagrangian £. Thus we solve
VE(:E17:1727 e 71:1;7)‘17)‘27 e 7>\Z) =0.

Let us illustrate the above procedure with an example as shown in Figure B.1.
Suppose we wish to maximize

flz,y) =z +3y

subject to the constraint

T +y2:1.

The Lagrangian for this problem is

ﬁ(m,y,/\):ac+3y—)\(:c2+y2—1).

This leads to
% 1+ 22z
VL(z,y,A\) = oy | = 34+ 2\y =0.
oL 2 2 _
N e 4y 1

(B.17)

(B.18)

(B.19)

(B.20)

(B.21)
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— xX2+y?=1
——- Z=X+3y

@® Optima
___,_ ______ 7 8

l-—.‘—-l——l——/fl—'r——l'_;/_;l
_._L_7I__,l 4
Sy

pi 0
-4

/ ~t__ 7 4 -8

Ll 70—t 2
2 7—7“/7'-17-'1!‘7"‘1/
L_J_J__L-.l__l__.t’__/:_/l

Figure B.1: Illustration of the constrained optimization problem using Lagrange’s method of undetermined
multipliers. The objective function f is depicted by the dashed surface and the projected constraint function g is
depicted by the black curve.

This set of equations has two solutions as given by

A=£V2, (B.22)

& APPENDIX B

which implies that the stationary points are

1 3
Lo = <_2\/§’_2x/§’\/§> (B.23)
and
1 3
L£11 = <2\/§7 V2’ —\/§> . (B.24)

Evaluating the objective function yields

1 3 5
f (im,im> =+ (B.25)

where the positive solution corresponds to a maximum and the negative solution to a
minimum.
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B.6 [I'Héspital’s Rule

When evaluating a limit that is the quotient of two functions and the limit of those functions
are either zero or infinity, then 'Hospital’s Rule states that

f@) _ @)

1m = .
T—ra g(z) Tr—ra g/(a;)

(B.26)

The differentiation of the numerator and denominator often simplifies the quotient or
converts it to a limit that can be evaluated directly.
For example:

lim % = lim 2@ (B.27)

T—00 g+ r—00 2x + 1

1
— (B.28)
2-0+1
=1 (B.29)
B.7 Matrix diagonalization
A square matrix A can be diagonalized if there exists an invertible matrix P such that

D =P AP, (B.30)

where D is a diagonal matrix. The values on the diagonal are then the eigenvalues,
whereas the columns in P are the corresponding right-eigenvectors. For many applications,
the square matrix A is a real-symmetric matrix (i.e. all values are real and A; ; = A; ;). In
such a case, the inverse of the matrix P equals its transpose P—! = PT,

For example, consider the matrix

@
PS
a
=
&
a
&
<
L]

-2 -2 1
A=|-1 3 -—-1]{. (B.31)
2 -4 3

2 -1 1
P=11 0 -1 (B.32)
0 1 2

and a diagonal matrix

(B-33)

o = O
o O O

The eigenvalues are thus A} = 1, Ay = 1 and A3 = 6 with corresponding eigenvectors as
columns in matrix P.
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B.8 Sum of degree of rate control coefficients

Assume that we can write the rate of an overall reaction as a sum of the rates of its constituting
elementary reaction steps multiplied by an (as yet unknown) contribution constant n; as

Toverall = Z”i ki H cij —k; ch‘j (B-34)
T J J

= niki [ [Teiy — &7 T]ei | (B.35)
; i i

where n; € R.
To obtain the contribution of an elementary reaction step to the overall reaction, we can
use the DRC analysis as given by

_ Jln Toverall

Xi = ke (B36)
= 8%?”% (B.37)
03 mjk; (Hk Cjk _Kj_l [Tk Cjk) k;

- Oki 225 nik; (Hk eji — K5 Tk Cjk)
(B-38)
nik; (Hj cij — KT Cij) (B:30)

= — ,
325 njk; (Hk cie — K Tk Cjk)

Since n; € R, this gives x; € R. When x; > 0, the reaction contributes to the overall
reaction and is rate-limiting. When x; < 0, the reaction reduces the overall reaction and is
rate-limiting.

Summing over x; gives

o >oimiki (Hj cij — K I1; Cij)
Zi:Xl Xk (Hk ejh — K ' T Cjk) e

=1 (B.41)
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Solutions of Chapter 1

Solutions to exercises

The solution below pertain to the exercises of Chapter 1 on page 28 and further.

H
% = ko[CH3*][CH3CHO] (C.x)
The target is to express short-lived intermediates (such as radicals) in terms of gas-phase
concentrations. Here, the unknown variable is [CH3*] and can be found by using the steady

state approximation. In the steady-state approximation, the time-derivative of one or more
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compounds, typically the reaction intermediates, is set to zero. We apply this approximation

to d[Cﬁg*] and d[CHdgtCO*] .
@ —k1[CH3CHO] — ko[CHy*|[CH3CHO]
+ k3[CH3CO¥ — 2k4[CH3** = 0 (C2)
and
@ — ky[CH3*|[CH3CHO] — k3[CH3CO¥ = 0 (C3)

Combining equations C.2 and C.3 yields
[CH3* = | | L [cHyCHOJ /2. (C.4)
2ky
Inserting equation C.4 into equation C.1 gives

d[CH4]
dt

— kyy| 7L (CH3CHOP/2. (C:5)
2ky
and the rate of formation for [CoHg] becomes

d[CaHg)

k
= k4[CH5*]2 = %[CHgCHO] (C.6)

The problem in the exercise can be solved by either applying the steady-state approximation

or by assuming a pre-equilibrium. Here, we have applied the former as such an approxima-

tion is more general and also better exemplifies the mathematical procedure. Obviously, a
derivation based on the pre-equilibrium assumption is also valid.

d[O2]
dt

= k9[NO][NO3] (C.7)

Applying the steady-state approximation to NO and NO3 yield

d[NO]

4 = F2[NO2J[NOg] — k3[NOJ[NO3] = 0 (C3)
and
% = ki [N205] — ki [NO][NO3] — k2[NO][NO3] — k3[NOJ[NO3] = 0. (C.9)

By subtracting equation C.8 from C.9, we obtain

& APPENDIX C
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[NO2][NO3] = kf [N2Os] C.1
2 37}‘31_""72]‘32 205 (C.10)

which we can readily insert into the rate equation of Og formation, resulting in

dioy] _  ki'ko
dt kT + 2k

& Think deeper...

« The reason why the reaction order is unity, rather than two, is because the overall
reaction is not an elementary reaction step.

« For NO,, the rate equation is

d[NOs]
dt

= ki [N205] — ki [NO2][NO3] + 2k3[NOJ[NO3]. (C.12)

Inserting equations C.8 and C.10 to C.12 gives

dNOg] _, ¢ Rk 2k] ky
=k [NoO5] — —————[N305] + ————[N2O5 Cr
& 1 [N205] k1_+2k2[25] k1_+2k2[20] (C.3)
Kk 2k k
— (k- =L 4 L2 ) N,04) (C.14)
kl +2k2 kl +2k2
[’
=——— (kg +2ky — k7 +2k2) [N205] (C.15)
k‘l +2k‘2
kt
=—2L1  4ky[N20O C.16
2k 2[N2Os] (C.16)
d[0o]
=4 . C.
p (C7)
|
Applying the steady-state approximation to [NoOs] gives
d[N50 _
292 4 INOJ2 — y IN205] — ks [N205][Hy] = 0. (C8)
From this expression, we can equate the [NoOs] to
ki [NOJ?
N2Og] = ———— (C.19)

k] +kJ [Ho]
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The rate of formation of [NO] is then found to be

dN,0] _ kgk{ [NOJ?[Hy]
BT =ko[N2O2][Ho] = m (C.20)
__ kNoP (C.21)
1+ ky /ko[Ho]
| |

| soion |+

In the overall chain reaction, the elementary reaction steps are denoted as

Bry — 2Br* initiation

CH4 + Br* — CH3* + HBr propagation
CH3* + Bro — CH3Br + Br* propagation
2Br* — Bro termination

The steady-state approximation can be readily applied to the reaction rates of the interme-
diates.

d[gz*] = 2k [Bra] — ko[CHy][Br*] + k3[CH3*|[Bra] — 2k4[Br¥? = 0 (C.22)
% = k}g [CH4][B1’*} — kg [CHg"“] [Brz] =0 (CZ})

Inserting equation C.22 in C.23 results in

& 1/2
[Br] = <ki[Bf2}> : (C.24)

Applying equation C.24 to C.23 yields

1/2
kolCHy] (2 (Br])
k3[Bro]

 kok}/?[CHY]

ki 2[Bry] /2

[CH3*] =

(C.25)

Finally substituting the result of equation C.25 for the concentration of [CH3*] in the
formation rate of [CH3Br] results in

1/2

kok

= ky[CHy|[Br] = = 7o [CHa Bro] /2. (C.26)
4

d[CH3BI'}
dt

& APPENDIX C
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|
a) The elementary reaction step for CO adsorption is
CO + * = CO* (C.27)
Assuming an equilibrium of the above reaction and only one type of surface site yields
0,
K co = co . (C28)
Pcob+
Furthermore, we can apply the site-balance defined as
0« + 0co = 1. (C29)
Hence,
fco =Kcopcob+ = Kcopco(l — 0co) (C30)
fco(1 + Kcopco) =Kcopco (C31)
Kcopco
O0co =—F77". C32
“° "1+ Kcorco (€32
b) The elementary reaction step for dissociative CO adsorption is
o CO + 2% = C* + O*. (C.33)
é Assuming equilibrium of the above reaction and only one type of surface site gives us
@
bcbo
Kco = : (C34)
pcob?
For the mass balance (or site balance), we get
Ox + GC —+ 90 =1. (C}S)
Because the surface fraction of C and O are equal
62
Koo = —<. (€:36)

pcob?
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Thus,

0c =v/Kcopcobx = v/ Kcopco(l — 26¢) (C.37)

6c(1+ 2v/Kcopco) =v'Kcopco (C38)
_ v/Kcopco

O =——F——. (C.39)

1+ 24/Kcopco

c) The two elementary reaction steps for co-adsorption are

CO +* = CO* (C.40)
Hy + 2% S 2H*, (C.41)

Assuming pre-equilibrium of these two elementary reaction steps gives

0
Kco = C% (C.42)
Pcobs
and
92
Ky, = —1 (C-43)
* pp,02

and thus for the fractional coverages in terms of the fraction of free sites

Oy = \/ KHszg O (C44)

0co =Kcopcob« (C.45)

Using the site balance,

9(:0 +0g+60x=1 (C46)

and inserting the equation for the surface fraction into the equation

(14 Kcopco + 4/ KH,PH, )0+ =1 (C.47)

and rearranging for 0« finally yields

0 = ! (C.48)
1+ Kcopco + /Ku,PH, '
This equation can be reinserted into the equations for the surface fractions to obtain

\V4 KngHg

O = (C.49)
1+ Kcopco + /KH,PH,
Kcopco

(C50)

Oco =
1+ Kcopco + v/ KH,PH,

(C.51)
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d) € Write down the mechanism.
The mechanism is given by

CO + * = CO*

Hy + 2% = 2H*

CO* 4+ H* = HCO* + *
HCO* + H* = HyCO* + *
HoCO* + H¥ & HyCO* + *
H3CO* 4+ H* & HyCOH* + *
H3COH + * < HyCOH*

N o W

€ Reason why you only need to take the surface coverages of CO, H and CH;COH into account.
For the construction of the site balance, we only need to take into account those compounds
of which we can reasonably expect that they have a non-negligible surface coverage. These are
always those compounds before the rate-determining step (i.e. CO and H,). In addition, the
question states that we can consider the RDS to be irreversible and that all steps after the RDS,
except the last step, are very fast. From this piece of information, we can assume that once CO
reacts with H on the surface, methanol is formed rapidly in the subsequent hydrogenation
steps. Desorption of methanol is considered to be in equilibrium though, thus we anticipate
that methanol has a non-negligible surface coverage. Conclusively, for the construction of the
site-balance, we only need to consider CO, H, and CH3OH.

€ Derive an expression for the reaction rate.
The third step is considered to be the rate-determining step. This gives the following expres-
sion for the overall rate

r=ki0cofy. (C.52)

We here use the result of question 5c¢ and note that besides CO and Hy, methanol is also
equilibrated with the surface. Hence the Langmuir isotherms of CO and Hy are

Oy = v/ KH,PH,
1+ Kcopco + /Ku,PH, + KcHz0HPCH50H
_ Kcopco . (C.54)
1+ Kcopco + v/ Ku,pPH, + KcH;0HPCH;0H

(C.53)

fco

And the overall rate is

ki v Ku,pH, Kcopco

5
(1 + Kcopco + v EH,pH, + KCHgOHPCHgOH)

r =

(C.55)

€ Give the limits (the domain) of the reaction orders for Hy, CO and methanol.
To obtain the reaction order for CO, Hy and methanol, one needs to solve the following
differential:
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. dln(rt)
"Hy =PH2 Opr, (C56)
=Dy — 2Dy (C57)

Here, we are going to split up the complex differential into two smaller (and hopefully simpler)
differentials:

o [lnk; + %anH2 + %lan2 +1In Kco +1npco]

D1 =py C.58
. oo (Cs8)
Oln (1 + Kcopco + v/ KH,PH, + KCH30HPCH30H>
Dy = pu, 5 (C59)
pH2
D; can be readily solved as all the terms except the In py, cancel out giving
8% In py,
Dy = PH, 87 (C60)
pH2
1 1
= —PH C.61
2PHap (C.61)
_1 (C.62)
=3 .
D is a bit more complex and requires applying the chain-rule
dln(a) Oa
Dy = C.6
2 PHo 9a 8[)1—12 ( 3)
where
a =1+ Kcopco + 1/ KH,PH, + KCH;0HPCH;OH (C.64)
Thus
190 (1 + Kcopco + v/ KH,PH, + KCH3OHPCH30H>
Dy =PH, — (C65)
a OPH,
_. 1/l —1/2
b, + (5, (Ko, ) (C.66)
1 V EKH,PH, 6
== (€67)
2 \ 1+ Kcopco + v/KH,PH, + KcH;0HPCH;0H
1
=0y (C.68)

2
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and the final result is

dln(rt)
"Hy =PH2 Opr, (C.69)
Ly (C.70)
=5~ fu -7
We can now easily establish the lower and upper limit of the reaction order in Hy:
11
Oy € [0, 1} —ny, € [*5, 5] (C.7I)

The derivations for the reaction order in CO and methanol are quite similar to the one for Hy
and result in:

dln(rt

nco =Pco % (C72)
Pco

=1—20co (C.73)

and

dln(rt
NCHyOH =PCH30H 8(7) (C.74)
PCH;0H
= — 20cH,0H (C.75)
This gives for the lower and upper limits for CO and methanol:
fco € [0,1] = nco € [-1,1] (C.76)
and
Ochzon € [0,1] = nchzon € [-2,0] (C.77)
|

a) The three steps leading to oxygen removal are:

8. Hy0 + * = HyO*
9. HyO* 4+ * & OH* 4+ H*
10. OH* +* < O 4+ H*
(C.78)
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b) The reaction order is determined by the rate-limiting step and all the steps that are in
equilibrium before it. This is most likely step (5) as it involves a hydrogenation step subsequent
to two other hydrogenation steps.

c) The overall rate equation, based on the rate-determining step, is given by
r = k50n,co0fH (€79)
We need to substitute the surface coverages by expressions that only contain gas-phase

pressures and reaction rate constants. To start, we assume quasi-equilibrium of all elementary
reaction steps before the rate-determining step.

(%2 =4/ Klsz 0« (C80)

Oco, =K2pco,ts (C.81)
K30co0., 0
fHcoo =% (C.82)
K10co00
OH,c00 =% (C.83)

By substituting the expressions for 6y and o, in equation C.82, we get

frcoo = K34/ K1pH, K2pco, 0+ (C.84)

This result can be readily inserted into equation C.83 to obtain

01,c00 = K4K3Kapco, K1pH, 0 (C.85)

Now, we need to use the above expressions in combination with the site-balance to construct
the expression for the free sites

0 + 0co, + fucoo + OH,coo + 0+ =1 (C.86)

O (1 + 1/ K1pH, + Ka2pco, + K34/ K1pH, K2pco, + K4K3K2pC02K1pH2) =1 (C.8y)

This leads to

1

O =
1+ /Kipu, + Kapco, + K3/ K1pH, K2pco, + K4 K3Kopco, K1PH,
(C.88)

Using equations C.80, C.85, and C.88, we can construct the overall rate equation
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r = k501,co000H (C.89)
= k5 K4 K3Kopco, K1pH, \/ K1pH, 0 (C.90)
ks K4 K3Kopco, K1pH, /K1PH,
<1 + /Kiph, + Kapco, + K3v/K1pu, Kapco, + K4K3Kapco, KlPH2)2
(C.97)

3/2
ks K4 K3 Kopco, (Kipm,)™

2
(1 + v/ Kipu, + Kopco, + K3+/K1pH, Kopco, + K4 K3Kapco, KIPH2)
(C.92)

Let us now check whether our hypothesis that the order in Hy is 3/2 is correct. To make
things a bit easier, let us assume that the surface is nearly empty and that 6« ~ 1, the rate
equation then is

3/2

r & ks Ky K3Kapco, (Kipu,)®/ (C.93)

and
3/2
Olnp
Ny, = pH, —5 2 = 3/2 (C.94)
'PHo

& Think deeper...

In order to find the optimal fraction, we define the constant o which is the ratio between
the partial pressure of Hy and COs.

PH
— PH, (C.95)
PCO,
From this, the total pressure becomes
PT = Pco, + PH, = Pco, + apco, = (1 + a)pco, (C.96)
and we can relate the partial pressure of Hy and COs, to the total pressure as
aprt
_ C.
PH2 = T (€.97)
pr
= C.98
pco2 = 1 (C.98)
(€-99)

Filling out these new expressions and assuming that the surface is nearly empty results in

3/2
PT apr
= ks KyK3K9g—— | K C.100
" 57403 21+a( 11+a> ( )
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To find out the optimal value in «, we need to take the first derivative towards « and
equate this to zero. Therefore, we can simplify the above equation by collecting all variables
that do not depend on «

r= CL/Q (C.101)
(1+a)®/? '
where c is a factor that does not depend on a.
3 5/2 5 ¢ 3/2
or 301/2 (1+a) /2 §a5/2 (1+a) / =0 (C.102)

da (1+a)

To find the value for «, only the numerator of the above expression is relevant and we can
ignore the denominator

gal/Q 1+ a)5/2 - ga3/2 1+ a)3/2 =0 (C.103)
gal/Q (1+a)b/2 = ga3/2 (1 +a)3/? (C.104)
l1+a= ga (C.105)

a= g (C.106)

This result is to be expected, as the best ratio between the partial pressures of the reactants
is of course the ratio between the reaction orders of said reactants. The fraction of CO5 in
terms of the total pressure is then % and the fraction of Hs is then %

@ | soluin | 17

a) We assume the steady-state approximation on 6. Furthermore, we assume that 6co > 6o
and that CO is in quasi-equilibrium with the surface.

b) First, we apply the quasi-equilibrium assumption to CO giving

fco = K1pcobx (C.107)

Next, we apply the steady-state assumption to g

do
dTO = 2kJ po, 02 — ki Ocobo = 0 (C.108)

Note that the second and third elementary reaction step in our mechanism are irreversible,
significantly reducing the complexity of the equation. The above result gives us an expression
for the partial coverage of O as

& APPENDIX C




o
x
[=}
=
&
o
[
<
L]

C.a Solutions of Chapter 1 147

2kT
0o = —279%242 (C.109)
k3 0co

To obtain the expression for the free site coverage we assume that 6o > 6 giving

Oco+60«=1 (C.IIO)

0* (1 —+ Klpco) =1 (C.III)

e = _r (C.r2)
1+ Kipco

Plugging this result into the overall rate equation yields

r = k3 0cobo (C.1m3)

K 2k
;& %93 (C.114)
1+ Kipco k‘3 Oco

+ 2 -1
_ o+ _Kipco 2k3 o, 1 Kipco (C.115)
}14+Kipco ki \1+Kipco 1+ Kipco

2k§'_po2

=—2=— = (C.116)
(1+ K1pco)?

Note that from the above expression, we can easily see that the order in Oy is +1 and the order
in CO is between -2 and o.

@ | soin | 15

a) Synthesis gas is a mixture of CO and Hs. It is used in Fischer-Tropsch catalysis and in
methanol formation. The former reaction is typically performed over a Fe or Co catalyst. The
latter reaction is typically performed over a Cu catalyst.

b) In order to further increase the production of Hy, CO can be mixed with HyO to give CO4
and Hs. This reaction is called water-gas shift.

c) From the reaction equation (CH4 + HoO = CO + 3Hy ) we can see that the reaction
produces more moles of gas than are consumed. Hence, in principle the reaction should be
performed at low pressure to drive the equilibrium to the right hand side of the equation.
However, in a typical reactor a moderate pressure is used as to reduce the reactor volume.

Furthermore, the reaction needs to be performed at high temperature, because this reaction
is strongly endothermic. Again, the high temperature pushes the equilibrium to the right
hand side of the equation.



148 Appendix C. Solutions

d) To start, we need to propose a reaction mechanism in terms of a set of elementary reaction
steps. To convert methane and water into synthesis gas, a set of 10 elementary reaction steps
is necessary.

CHy + 2% = CHg* + H*
CHg* + * & CHy* + H*
CHy* + * = CH¥ + H¥
CH* 4 * & C* 4+ H*
H,0 + * < HyO*

HoO* 4 * = OH* + H*
OH* + * & O% + H*

Ho + 2% < 2H*

C* + O* 5 CO* + *

CO + * & CO*

e A A L

H
e

We assume that all the above steps, except the rate-limiting step (9) are in quasi-equilibrium.
As such, we can express all surface coverages by one or more equilibrium constants as follows

fco = Kiopcobt (C.ary)
Oy = \/?];HQQ* (C.118)
01,0 = KspH,00+ (C.119)
Kgb 0 K5 K|
fopy = —9 QH;O = 5K682 ‘:;O 0 (C.120)
K Ko KoPigo go
0o = Krbonbx _ VEspr, " KsKeK7 pH,y0 0 (C.r21)

5% v Kgpu, 0« Kg  pH,

In the above expressions for O and OH, we have applied subsequent substitution of the surface
coverages in such a way that we can express every surface coverage in terms of the partial
pressures of the reactants or products and the equilibrium constants. These equilibrium
constants correspond to the elementary reaction steps that connect the partial pressures
with the surface coverages. Below, the same is done for the surface coverages of the CHz,
intermediates

& APPENDIX C

KipcH
0, = ——1 0, C.122
CH3 NGO ( )
KK
TLR2PCH, (C.123)
Kgpy,
K1 Ko K3pch, 0,
3/2
(Kspr,)®/
K1 KoK3Kypch, 0.
——2
(K8PH2)

fcn, =
Ocu = (C.124)

Oc = (C.125)

Now we can construct the site-balance
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‘9CO + QH —+ 0H20 —+ 90H + 90 + GCHg —+ 0CH2 + GCH —+ 0C +0.=1 (C.I2.6)

and plug the above equations for the surface coverages into it

K5Kgpu,0 , KsKgK7 pH,o | Kipcu
0« = | 1+ Kigpco + 1/ KspH, + K5pH,0 + 20 4 25 67 TH0 =
v Kgpu, Kg PH, v Kspu,
—1

K1 Kopcu, n K1 KoKspcn, . Ki1KoK3Kypcu,

KspH, (ngonz)g/2 (Kspi,)®

(C.12y)

Since the overall rate is determined by the rate of step 9 we can construct the following

expression
1= kg 0c00 — kg Ocobs (C.128)
+ kg
=kq 0clo — ——0cob+ C.a2
g fcbo = 3 -bco (C.129)

If we assume that there is an equilibrium r = 0, we can express Kjg as

Ko = Oco b B pcop3H2 KgKlo B pCOp3H2 1 (C.130)
0clo  pH,opch, K1KaK3K4K5K¢Ky  pu,opch, Keq

and using this result for Kg for our overall rate expression results in

r = kg 0clo — kg Ocots (C.131)
1 6cobs
=kT0c00 |1 - — 20 C.
9 7C °< Ky 0co (C.132)

3
K1 Ko K3K4K5KgK7pcH,PH,0 | L PcoPh, 1

= kg 3 K, K,
(Kssz) 9 PH,PCH,4 fieq

62 (C.133)
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Further assuming that O is the MARI, we can use the following equation for the free sites

—1
KsKgK
0 = 1+ SB262T PH0 (C.134)
Kg  pu,
giving
K1 Ko KsKaKs Ko Krpeuypugo [ 1 pCOPgQ 1
N (KspH2)3 9 PHoPcHy Keq
r = kg (C.135)

2
KsKg K7 PHyO
(1+ Ks Dy )
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For low conversions, the second term between parentheses in the numerator can be neglected,
further simplifying the equation to

—2
K1 KoK K 4K KgK KsKgK
r:kj 18234 K5 868 7PCH,PH,0 <1+ 556 7PH20> (C.136)

(Kgpu,)” Ks  pu,

€) Note that for CHy and CO, there are no dependencies in the term between parentheses,
so we only need to evaluate the derivative for the part in front of the parentheses. Again, we
apply the same trick as in the previous exercise, so that we obtain:

Aln(rt
NCH, = PCH, ﬁ = (C.137)
4
Aln(rt
nco = Pco# =0 (C.138)
PCo

The reaction order in HoO and Hj is a bit more complicated but with some rewriting the
derivatives equate to

81n(7‘+) KsKgKr 8pH20/8pH20
NH,0 = PH,0 5 = 1 — 2pH,0 (C.139)
2 F) K. K5 Kg K7 PHyO
PH,0 8 1+ 7KSPH2 Phig
—1
Ky KgK Ky KgK
_ 1 _oKsKeK7pHyo (| K5KeK7 pHyo (C.140)
Kg PH, KSpH2 PH,
=1-20p (C.141)
and similarly for Hy
dln(rt
TH, = PH, # =—3+200 (C.142)
pH2

From the above expressions for the order, we note that the experimental results are not within
the limits of the reaction orders. Consequently, the proposed reaction mechanism is not in
agreement with the experiment and needs to be revised.

f) Applying the same procedure as previously, the reaction rate now equates to

r=ki PCHy (C.143)

2
K5 Kg K7 PHyO
(1 * Kspny  Ph,

Note that steps 2-4 do not appear in the rate equation, because only the first dissociative
methane adsorption step is kinetically relevant. The equilibrium constants for steps 5-8
appear in the denominator because they control the amount of O on the surface.

From the above rate equation, we can establish the reaction orders to be
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MCH, = PCHy %:Z) = (C.144)
nco = pco% =0 (C.145)
nH,0 = PHQO%Q = —20op (C.146)
TH, = PH, % =200 (C.147)

These results are consistent with the experimental observation.

@ | soluin | 19

a) CoHg adsorption coincides with Dy adsorption. Upon adsorption, the hydrogen in the
CoHg complex can be exchanged for a deuterium by successive dehydrogenation, deuteration
and a desorption step.

b)

r =k Oc,u,00 — kj 03, (C.148)

c) The steady state equation applied to elementary reaction steps 1,3 and 4 and considering
competitive adsorption, the Langmuir isotherms for ethyl, methyl and hydrogen become as
follows

Kipc,Hg 02

0C2H5 = eH (C'I49)
PcH
fohs = g 0F (C.150)

O = 1/ Kapi, 0+ (C151)

Plugging equation C.151 into C.149 and into C.150, gives

Kipc,Hg 0.

7 = C.152
C2Hs JKapn, (C.152)



152 Appendix C. Solutions

and

Och, = PeHs (C.153)

K3+\/Kqpu, :

Using the site balance, we obtain the following equations

1

O = 14 Kipcyng n PcHy + JEapas (C.154)
VEapu,  Kz\/Kapn, 4PH>
KIPCZHG
9C2H5 = Kipc KZSHZ (CISS)
1 2He Hy /K
+ V' Kapn, + K3\/Kapn, + 4PH;
PcHy
b, = el (C156)
3 Kipcyn PcH ’
1 2Hg 4 /K
+ VKipny + K3\/Kapn, * 4PH;
VK
Oy = 4PH, (C157)

Kipcyn PcH
1 2Hg 4 %
+ VKapn, + K3\/Kapn, + 4PH;

d) Plugging the above equations into the overall rate equation yields

2
Pcu
kT K 1— 4
2 #1PCzHe < K1K2K§K4pC2H6pH2>
Kip j2 P 2
1+ 1 CQHG + 'CHy + K
( VEKapuy, = K3\/Kapn, 4PH,

e) Applying the MARI approximation and assuming low conversion simplifies the overall

(C.158)

r =

rate equation to %
ky K
p= 2 T1PCHs 5 (C.159)
(1 + \V4 K4pH2)
& Think deeper...
The apparent activation energy can be readily evaluated to
dn(rt)
2
AEXP = RT o7 (C.160)
o [ Olnky omK;, 9 <1+\/K4PH2>
= RT + -2 (C.161)
orT oT oT
2 1 4
= E:Ect) + AH;Sds) - GHAHaEds) (C.162)
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|

a) From the quasi-equilibrated steps (1), (2) and (4), it follows that
Ono = K1pnobx (C.163)
fco = Kapcobx (C.164)

on = 1/K4pN20>‘: (CIGS)

To derive the surface coverage of O*, we apply the steady-state approximation to this surface
intermediate

2k3 po, 0% — ki cofo =0 (C.166)

Note that we have neglected the term kgL 0cobo, because we assume that NO dissociation is
rate-determining. Therefore, this term is negligible compared to the other two terms.

It follows then that

2k3 po2 92

o = (C.167)
kg fco
Combining this expression with the expression for ¢, we obtain
2163+ PO, 2 2k3 PO,
fo = — 02 = 0 (C.168)
kg Kopcob« k Kapco
Applying the site balance for all surface intermediates yields
0« = ! (C.169)

ip
1+ Kipno + Kapco + k+;( ;2 + /K4pN,

Finally, we can evaluate the rate of Ny and CO4 production

1
jk;_KleO

1 1
TNy = 57"5 = §k5+9N09* =

3
i
1+ Kipno + Kapco + /ﬁ; 92 4/ 4PN2>

(C.r70)
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2k+p
3 PO
rco, =716 = kg Ocofo = 2 3
2krf+p
<1 + K1pno + Kapco + 7@;{2;; + \/K4PN2>

(C.1y1)

& Think deeper...

This catalytic reaction pertains to three-way catalytic convertors for environmental pollu-
tion control.

]

a)
1.CoHy + + = CoHy* (C.172)
2.02 4 2% = 20* (C.rp3)
3.CoHy* + O* — CoH40 + 2% (C.174)
(C.175)

Applying a quasi-equilibrium approximation, we obtain the following expressions for the
partial coverages as a function of the partial pressures and equilibrium constants
0C2H4 = KlpC2H40* (CI76)

and

0o = 4/ K2po2 0 (CI77)

Note that because ethylene-oxide desorbs rapidly, the surface coverage of ethylene-oxide is
negligible. Thus, we obtain by constructing a site-balance (not shown here), the following
Langmuir-Hinshelwood isotherms:

Kipc,u
Ocom, = 24 (C.178)
214 Kipeou, + v/K2po,

and

0o v/ K2po,

= . (C.179)
1+ Ki1pcoHy + +/K2po,
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b)
TCyH,0 = k3bc,n, 00 (C.180)
k3 K1pc,H, v/ K2po
= = i (C.181)
(1+ Kipc,n, +/Kavo,)

c) If oxygen strongly adsorbs, we can assume that oxygen is the MARI and hence the overall
rate expression simplifies to

ks K K
TC2H40 = 3 1PCaHe 21)202 (C.182)
(1 + \/szog)

The reaction orders in oxygen and ethylene are

dln(rt)
NCyHy = PCoHy Opcars (C.183)
=1 (C.184)
dln(rt)
= Ci8
N0y = P02 9o, (C.185)
~1_ g (C.186)
2
d) The surface is predominantly occupied with adsorbed O.
e)
dln(rt)
AEZ = RT? = — (C.187)
3 1 1 2
B +am ) + (5 - 90) AH®?) (C.188)
|
a)
1.S09 + * = SO9* (C189)
2.09 + 2% = 20%* (C.190)
3.509% + O* — SO3* 4 * (C.191)

4.503 + x = SO3* (C.192)
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b)
rs0; = k3050,00 (C.193)

Applying the pre-equilibrium, the irreversible step and the rate-limiting step approximation
we can derive the following expression for the free sites and for the overall reaction rate.

1
0x = (C.194)
1+ K1pso, + +/K2po, + K4pso,
k3 K1pso, v/ Kapo
TS0y = 2 2 (C.195)

2
(1 + K1pso, + /K2po, + K4Psog)

c) From the form of the overall reaction equation, the limits of the reaction orders can be
established as

ngo, € [—1,1] (C.196)

nso, € [—2,0] (C.197)
11

no, € [—51 5] (C.198)

d) If O strongly adsorbs, then we can apply the MARI approximation for O. This gives the
following expression for the rate and the reaction orders

_ k3K1pso,+/K2po,

TS05 = 5 (C.199)
(1 + \/K2P02>
ngo, = 1 (C.200)
nso0z = 0 (C.ZOI)
no, = % — 6o (C.202)
€)
dln(rt)
2
AEjftp = RT = (C.203)
3 1 1 2
— BB +an) + (5 - 00) AH? (C.204)

f) From the form of the equation, it is clear that two different types of Langmuir isotherms are
present. This indicates that there are two different types of surface sites that have particular
adsorbates that adsorb on these sites. The rate-determining step proceeds between two
species that are adsorbed on these two different sites.
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| soion |5

a)
1.CoH5OH + * = CoHsOH* (C.205)
2.09 + 2% 5 20% (C.2006)
3.CoH5OH* + O* — CoH40 4+ HoO + 2x (C.207)

Kipc,nu50H
Oc,Hs0H = =2 (C.208)
2Hs 1+ Ki1pc,Hs0H + v/ K2po,
Vv Kapo,
fo = (C.209)
1+ Ki1pc,Hs0H + v/ K2po,
b)
k3 Kipc,ns0on+/K2po
r = k3bc,Hs0n% = atis0H v/ K2p0, 5 (C.210)
(1 + Kipc,H50H + \/K2p02>
9
k3 K1pc,Hz0H/ K2Po
T = k3bc,u;onbo = . 5 (C.211)
(1+ K1pc,Hs0H)

ncyHg0H € [—1,1] (C.212)
"0y = % (C.213)

d)

dln(rt)
a 2
AEaftp = RT T (C.214)
3 1 1 2

= B3 + (1= 20c,1,0n) AHS) + 5AHa(ds) (C.215)

The apparent activation energy depends on the reaction barrier of the rate-determining step
and all kinetically relevant steps that proceed before the rate-determining step (which are
at equilibrium). In this particular case, this means that the apparent activation energy is
decreased due to the release of energy by the O, adsorption and is increased in the case that
there is a high surface coverage of ethanol. When the surface coverage of ethanol is high, one
ethanol molecule needs to desorb in order to form a vacant site necessary for this reaction to
occur. If on the other hand the surface coverage of ethanol is very low (and a sufficiently large
amount of free sites are present), the apparent activation energy is decreased even more as
the adsorption heat of ethanol further decreases the apparent activation energy.

€) In the case of elevated temperatures, both ethanol and oxygen only sporadically adsorb on
the surface as these compounds have a higher entropy in the gas phase than adsorbed on the
surface. Consequently, the catalytic surface is predominantly empty.
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a)
r = k3 000n — k3 Oonx (C.216)
b) The surface concentrations of 0y, 6o, 6oy and 6« can be found using the pre-equilibrium

approximation. In that way, we can express these surface concentrations as a function of the
partial pressures and the equilibrium constants.

QH =4 /K1PH2 0 (CZI7)
90 = ‘/K2p02 0 (C2I8)

0H20 = K5PH209* (CZIQ)
0 0

oy = 29 (C.220)
K40y

(C.221)

Substituting these surface concentrations into the rate equation yields

r = ki \/K1pn, 061/ Kapo, 0+ — k3 GZZZ 0s (C.222)
= ki /K1 Kopriypo, 02 — ki Kf%@ 0+ (C.223)
= k3 \/K1KapH,p0, 0% — ki Kf\j%gz (C.224)
= ki \/K1Kopu,p0,6% [ 1— k3 - ;Kuffpi iQOszoz (C.225)
— ki /K1 Kop,po, 02 (1 - %) (C.226)

From the last two expressions, it is clear that the equilbrium constant has to be

Ki1\/EKsK3K,

Keq = -

(C.227)

c) The free site coverage can be readily obtained from the expressions of the surface coverages
in terms of equilibrium constants and the site balance:

0« = ! (C.228)

oszo
1+ vV lpH2 + vV 2p02 + Ka \/m + K5pH20
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This expression simplifies by applying the MARI approximation (alternatively, you can start
by defining a site balance only containing O* and then derive the expression below).

(C.229)

1
O = ——————
1+ \/Ifgpo2

d) To establish the reaction order, first fill out the expression for the free sites in the overall
rate equation

2
[ o PH50 1
T = k’+ K1 Kopyu,po 1-— 2 . (CZSO)
3 2752 KeqPH, /PO, 1+ /Kapo,

Because we assume that the reaction is far from equilibrium, we can neglect the second term
between the first set of brackets giving

k3 /K1 Kapi, po,
2
(1 + szoz)

From the above expression, the following reaction orders can be derived (please refer to the
previous answers for a more thorough derivation).

r =

(C.231)

1
Hy = 5 (C.232)
1
noy, = 5 — 0o (C~2'33)
nHy0 =0 (C.234)

e) For very low surface coverage, the rate equals to

r = ki \/K1K2ph,po, (C.235)

Plugging in the following expressions for pyy, and po,

DPH, = @ DT (C.236)
po, =(1—a) pr (C.237)
we obtain

r= k;’_\/KlKga(l — a)pr (C.238)

Taking the first derivative and equating to zero yields (g—g =0):

o= % (C.239)

In other words: the partial pressure of hydrogen and of oxygen need to be equal.
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& Think deeper...

The apparent activation energy is

AEYP = RT? 811(‘9(;) =&+ %AH,SS) + %AHﬁS) (C.240)

The reaction takes place on a nearly empty surface. For the reaction to take place we need
to have one H and one O to be adsorbed. Their adsorption facilitates the process (lowers the
apparent activation energy) by half the adsorption enthalpy of the corresponding molecule.
The only positive contribution to the apparent activation energy originates from the barrier of
elementary reaction step #3.

|
a)
1 —
§TN2 =75 = k;’@NOH* — k5 On6o (C.24I)
Because all other steps are quasi-equilibrated, we can write
HNO = Kleo&: (C.242)
fco = Kapcobs (C.243)
On, = K3pn, 0+ (C.244)
on = \/K49N2 0x = \/K4K3pN2 0+0x = \/K3K4pN2 0 (C245)
0 0« K 00+ K
0 = 202" _ 7PCO, 7PCO» 4. (C.246)
Kefco  KeKapcob:  K2Kgpco
fco, = K7pco, 0+ (C.247)
Using the site balance, this results in
0 1
1+ Kipyo + Kapco + K3pn, + /K3K4pN, + ;(2%‘3; + K7pco,
(C.248)

Plugging this into the overall rate expression and defining an overall reaction equilibrium
constant we obtain

k;rKleo 1— +/PNgPcoy %
eq

PcoPnNo

ry = 5
p
(1 + K1pno + Kapco + K3pn, + /K3K4pN, + Kg}((f;io + K’TPCOg)

(C.249)
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where

K1 K2K5K,
Koq = S1IK5Ks (C.250)

vV E4/K3K7

b) If O is the MARYI, then the overall rate equation simplifies to

k;Kleo (l _ A/PNaPcoy 1 )

pcopno  Keg
ry = (C.251)

2
1+ K7pco,
K2 Kgpco

Note that the reaction order is always defined by the derivative of the forward direction of the
rate. Hence we do not have to take the second term within the brackets in the nominator into
account. In other words

kT K
Pt = LNOQ (C.252)
K7pco
(1 + KQKGP?ZO)
We obtain the following reaction orders
nx, =0 (C.253)
nNo =1 (C.254)
nco = 200 (C.255)
nCo, = —260p (CZSG)

The surface contains only O* and *. There is no No* on the surface, so lowering or increasing
the partial pressure of Ng has no effect on the overall rate. Hence the reaction order in Ny is
o. The rate scales linearly with the partial pressure in NO because its partial pressure directly
controls the amount of surface NO and accordingly, the overall rate. If we increase the CO
partial pressure, the CO coverage increases which lowers the amount of O* on the surface and
results in more sites for NO adsorption. In constrast, adding CO5 will increase the surface
coverage of CO5 and in turn the O* coverage. This leads to a lower NO surface coverage and
hence the rate decreases. Hence, the order in COs is negative.

c) The apparent activation energy for the nearly empty surface yields

0 ln(r+) 5 1
2
EP - ) )ty o

The surface is nearly empty and one way to increase the rate, is to adsorb more NO. The
latter depends on its adsorption energy, hence the negative contribution of the adsorption
energy to the apparent activation energy. (note that adsorption energies are always negative,
so the (+)-sign in the equation in conjunction with the negative energy results in a negative
contribution)
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Alternatively, the barrier for the rate-determining elementary reaction step could be lowered.
Note that this is purely hypothetical. In practice this could perhaps be done using promotors,
but it turns out that lowering the barrier of an elementary reaction step in practive is very dif-
ficult to say the least. Nevertheless, if possible, then a lowering of the barrier of the elementary
reaction step results in a lowering of the apparent activation energy and hence in an increase
of the overall rate.

& Think deeper...

The apparent activation energy in this particular situation would be

dln(rt)
app _ pr2 )
AEact - RT 6T - Eact

+aH) 4 200 (AHﬁ) +aH® - AH(7)>

s ads ads

(C.258)

Note that the complete derivation of the above expression is more a test of mathematical
stamina than of chemical understanding.

a) If the third elementary reaction step is the RDS, the overall rate towards H, O, is given by
the following equation:

ri,0, = ki 00,01 — k3 foon b+ (C.259)

We assume that all other steps are quasi-equilibrated, hence

0H = 1/K1pH29* (C260)

902 = KQpOQQ* (CZGI)
f1,0
foon = ﬁ&% (C.262)
K5pH,0,
= 277202 g, (C.263)
Ky\/K1pu,
0H202 = K5pH2029* (C264)

By applying the site balance, we can derive the following expression for the free sites

1

O =
Ksp
1+ /Kipu, + Kopo, + 7&1\/% + K5pH,0,
2

(C.265)

Plugging this into the overall rate expression and introducing an equilibrium constant for the
reverse reaction yields
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C.1 Solutions of Chapter 1 163

+ _ 1 PH30o
k3 Kopo, v/ K1PH, (1 K. p02pH2)

P — 5 (C.266)
(1 + /Kipu, + Kopo, + i \5/1)% + K5PH202)

b) If O* is the MARI and we assume a low conversion, the above expression simplifies to

B k3 Kopo, /K1ph,

C.267)
5 (C.267
(1+ Ka2po,)
The reaction orders are
1
no, = 1— 290 (C269)
NH,0, =0 (C.270)
c) The apparent activation energy is given by
dln(rt) 2
2
MBS = RT* 2200 = B + (1= 200,)AH) + AHids) (C.271)

For a more thorough description how this answer is obtained, please look at the results of the
previous questions.

d) In the high temperature regime, the surface is nearly empty and the rate is then given by

r= k;KQPOQ \/ KlpH2 (C.272)

and the apparent activation energy becomes

Bln(r"') 2 1
ABE = RT2202 = BQ) + Al ) 4 1 Sanf) (C.273)

The apparent activation energy constitutes all kinetically relevant steps, which is the rate-
limiting elementary reaction step and the two adsorption steps that precede the rate-limiting
step. The apparent activation energy is set by the barrier of the rate-limiting step and is lowered
(in the case of an empty surface) by the adsorption energy of O5 and half the adsorption energy
of Hy. Note that in this particular case, if the absolute value of the sum of the adsorption
terms is larger than the barrier of the elementary reaction step, that the apparent activation
energy becomes negative. This essentially means that the reaction rate is increased with
decreasing temperature. This is readily seen if one considers the Sabatier’s Principle. At
the high temperature limit, we have an empty surface. By decreasing the temperature, more
adsorbates will stick to the surface, hence enhancing the overall rate. In other words, by
decreasing the temperature, we are moving our reaction towards the Sabatier’s optimum.
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|
g 5
a) The set of elementary reaction steps that describe the dual-site kinetic network is:

1. CO + * = COx (C.274)
2. H, + 2% & 2Hx* (C.275)
3. H, + 2# S 2H# (C.276)
4. CO * +H# = HCO * +# (C.277)
5. HCO * +H# < H,CO * +# (C.278)
6. H,CO  +H# = HyCO * +# (C.279)
7. HyCO * +H# = HyCOH * +# (C.280)
8. H;COH + * = H;COHx* (C.281)

b) From elementary reaction step (3) and the site balance for 7, we obtain in a similar fashion
as shown in previous exercises the following Langmuir isotherm for H on 7 sites.

£/ K3pH, a8
H = ———— (C.282)
1+ ,/K3pn,

c) The rate-determining step approximation allows us to construct the following rate expres-
sion:

= k50HCOTH- (C.283)

By applying a zero-conversion and irreversible step approximation, we only need to derive
Langmuir expressions for H, CO, and HCO on 0 sites. Using the pseudo-equilibrium approx-
imation, we obtain the following expressions:

fco = Kipcob« (C.284)
Oy = \/TPHZG* (C.285)
Orco = K1/ K3Kapco /P, 0 (C.286)
(C.287)

Using the site balance 0co + 0y + 0uco + 0+ = 1, gives

1

1+ Kipco + 4/ Kopn, + K1/ K3K4pco,/PH,

0x (C.288)
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Using these expressions, we obtain the following final expression for the rate

" K1/ K3K4pco./PH, \/ K8pH, (C.289)
= ks )
1+ Kipco + +/Korn, + K1/ K3Ky4pco./PH, 1+ ,/K3pw,

d) The reaction order in H, is given by

1 1 1
=1——-60yg— -0 - = C.290
TH, o1~ 50HCco — 5TH (C.290)

and the reaction order for CO is given by

nco = 1 —0co — fHco (C.291)

Note that in contrast to single-site kinetic networks, in dual-site catalysis the effect of competi-
tive adsorptions is decreased leading to an increase of the lower limit in the reaction order.
This shows that such systems suffer to a lesser extend from poisoning conditions.

e) The apparent activation energy is given by

AEFP = AELY + AHy (1 - 60 — brico)
+ AHz (—0n)
+ AH3 (1 — l7'H — lQHC(_))
2 2

+ AH4 (1 —6uco) - (C.292)
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Solutions of Chapter 2

Solutions to questions

a) For chemistry, the translational, rotational and vibrational partition functions are the most
relevant. These partition functions differ in the nature of the configurational freedom that
the complex has given a particular energy. A translational degree of freedom indicates that
the system can freely translate in one dimension without the energy of the complex changing.
Similarly, a rotational degree of freedom indicates the complex can rotate without its energy
changing. Finally, a vibrational degree of freedom can be seen as a hindered translation.
The molecule can perturb in a specific direction, but this results in an energy increase. As
such, vibrational degrees of freedom arise from bound states and the corresponding costs of
perturbing from the equilibrium position of these bound states.

b) The partition function is dimensionless and has no unit. This is both evident from the
meaning of the partition function (it represents the average number of possible configurations
given a particular energy, configuration and temperature) as well as from the various equations
wherein the partition function is used (i.e. it is used inside a logarithm).

Solutions to exercises
The solution below pertain to the exercises of Chapter 2 on page 67 and further.

c1
— a2 — b 2AFE
AE AE
aj bo €0
AE AE AE
ag

Figure C.1: Energy level diagram of A, B, and C.
a) The equilibrium constant in terms of the partition functions is given by

v, qBYq
K= Hqib = EAC (C.293)
K2

b)

2
..
A=) exp (—kJT> (C-294)
3=0 b

AE 2AFE
=1+ 2exp 7kbiT + exp 7]%7 (C.295)
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AFE 2AFE
_ _ _L= C.296
a8 eXp< ka> +eXP< ka> (C.296)
AFE E
qc = exp <—ka> + 2exp <— Ty > (C.297)
2AFE E 3AE
. (exp (—r ) + exp (— BT )) (exp —fka> + 2exp (— T T )) Ca08)
= 29
1+ 2exp (— i?) —+ exp <—2]£7E)
9
0-0
lim K = — = .
720 T (C-299)
lim K = 23_3 (C.300)
T—00 4 2
| |

ay
ar|

The partition function for molecule A is

a) a0
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1
A = ;}exp ( kZZT) (C301)

=1-+exp (ICA?) (C.302)
b

The partition function at " — 0 gives

li =1 C.
Jimqa (C.303)

The partition function at ' — oo gives

Tlim ga =2 (C.304)
—00
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ay M¢ bo
1 by
AE
AE 4 bo
AEI
2
b) — %

The partition function for molecule B is

2
ap =) e < kZZT) (C305)
=0
= ex _AF + ex _34E + ex _Aab (C.306)
=P\ "ok, T P\ kT P\ kT 3
The equilibrium between A and B is given by
1
K=]]d4" (C307)
=0
=3 (C.308)
9A
AE 3AFE AE
P (* 2ka> e <*4ka) +exp (*k‘TT> (C300)
1+ exp (f%)
The equilibrium constant for 7' — 0 yields
limK—Q—O (C.310)
T—0 1 3
The equilibrium constant for T — oo yields
lim K= 3 (C.311)
Tooo 2 3
|

7 [ st | >

Note that the spectroscopically determined energy levels of A and B are an infinite series
of energy levels. The energy levels of A and B have the same energetic separation (AE). The
difference though is that the series of molecule B starts somewhat higher (AE/2)

& APPENDIX C




C.2 Solutions of Chapter 2 169

AE
aj
AE
AE ————— b,
AE
2
a2 —— by
AE
2
AE —— b
AE
2
ay — by
AE AE
ag

Figure C.2: Energy level diagram of the spectroscopically determined energy levels of A and B.
The partition function for A yields

A = Ze Xp < ka> (C.312)
A = Zexp <—ZAE> (C313)
= i_;)exp <—kAb];> (C:314)

The partition function for B yields

(&}
St: ad €j
a qB = Z e (C.315)
7=0 b
= exp <—(; + 1)kJT> (C.316)
=0 b
AE | & AE\’
= &xp <—ka> Z exp <—2ka> (C.317)
7=0

The above sums are geometric series (see Appendix B.4 on page 131). These series can be
simplified using the formula below

> a
Z ark = for |r] <1 (C.318)
— 1—-r

Thus we can write
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1
an = (C319)
AE
1 —exp (—kb—T)
and
AFE
e (-£7)
gg=— -/ (C.320)
1 AFE
- &Xp (‘ 2ka>
This gives for the equilibrium constant
AE AE
p (~17) (1 —exp (*kTT))
K=—= NG (C.321)
7N 1 —exp (_W)
The values for the equilibrium constant K are then:
K(T = 0.1AE/ky) = 0.000045 (C322)
K(T = 2AE/ky) = 1.079 (C.323)
K(T = 10AE/ky) = 1.766 (C.324)
K(T — 00) =2 (C.325)

In other words, at very low temperature, only levels of A are occupied. Hence, at low temper-
ature the equilibrium condition states that nearly all species will be in the A configuration.
With increasing temperature, more and more levels of B are occupied and the equilibrium
shifts to the situation where A and B states have same occupational fraction. Due to the fact
that there are twice as many levels of B (because of its separation which is half the separation
of the energy levels of A); the equilibrium constant yields 2 at infinite temperature.

To solve for the limiting case (I" — o0), it can help to employ I'Héspital’s rule (see Appendix
B.6 on 133), which states

f@ _ o '@ (C.326)

m =
Tr—a g(x) Tr—ra g/(z)

Applying this rule, yields
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E E
e (-&7) (“exp( W))
K(T — c0) = lim (C327)
T—o0 1 —exp (—72%;%)
A E AFE AE
25 (o0 (-85) (1-o0 (-25)) o0 (-3F) )
- Th—r>noo __AE_ _AE
2k, T2 P\ 7 2K, T
i (C.328)
[ _AE
— lim % (C.329)
T—o00 W
[_ _AFE
= lim __’Xj; (C.330)
T— o0 | Z7
=2 (C.331)
|

a) The translational partition function in three dimensions using the ideal gas law is:

3/2
2mmkyT
ar = V% (C:332)

_ T Ly 1) (C333)
P h3 '

Plugging in the values gives

13806488 - 107237 . K~ . 298 K
"= 1.01325 - 105 Pa

3/2
(2728 - 10~ %kg/6.0221409 - 1023 - 13806488 - 10~ 23] - K1 208 K) /
C.
(662607004 - 10~ 34m2 . kg -s—1)3 (C.334)
=5.8163 - 108 (C335)

This answer means that an N, molecule, given these temperature and pressure conditions,
has almost 6 million different translational configurations.

b) gt increases to the power of 5/2 with temperature. At higher temperature, more states
can be populated, hence increasing the partition function. ¢t also increases with volume, but
only linearly. A higher volume gives more space per molecule, hence more accessible states.
In contrast, gr decreases with increasing pressure as the volume per particle decreases with
pressure.
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9

1
qv = m (C336)

= - (C337)
)

1—exp| — 6.62607004-10—34m? kg-s—1-299792458-m-s—1-233000 m—*
P 1.3806488-10~23]-K—1-298 K

~1 (C.338)
Note that the vibrational partition function under typical atmospheric conditions usually
equals unity.

d) The rotational partition function is given by:

8721k T

s (C.339)

qRr

Please note that this partition function represents rotation for a diatomic molecule in two
dimensions. In other words, this partition function represents two degrees of freedom!

Plugging in the values yields

872 . 1.407 - 10~ 40kg - m21.3806488 - 10~23] . K1 . 208 K

®R= 2(6.62607004 - 10—34m?2 . kg - s—1)2 (C340)
= 52.05 (C.341)

e)
Q = qrqvar (C342)
=5.8163-10° - 1.52.05 (C.343)
=3.03-108 (C.344)

Note that the translational partition function represents 3 degrees of freedom, the rotational
partition function 2 degrees of freedom and the vibrational partition function 1 degree of
freedom. Summing up these numbers gives a total of 6 degrees of freedom, exactly what we
would expect from a diatomic molecule!

a) The Maxwell-Boltzmann distribution expresses the partial fraction of a set of species given
their velocity and is given by the following expression

m 32 mov?
9 -
f=4r <27|_ka> v“ exp ( ™ > (C.345)
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To calculate the average velocity of an ensemble, you simply have to multiply the Maxwell-
Boltzmann distribution with the velocity v and integrate over all possible velocities

o0 m 3/2 —mu?
U= / 4 ) v2 exp < > vdv (C.3406)
0 2k, T 2y T
3/2 o 9
B m 3 —mu
=4 <2ﬂ_ka> /O v? exp < 2T > dv (C.347)
3/2 5
B m 1 2k, T
= <2kaT) 2 (7) (C348)
8k, T\ 1/2
= (—”) (C:349)
™m

Note that in the above formula, the mass m is the mass for a single particle. If you want to use
the molecular mass in kg/mol, you have to substitute the Boltzmann constant k;, for the gas
constant R. Furthermore, to solve the improper integral, we have used the standard integral
as defined below. Alternatively, you can use the method of integration by parts.

oo 2 |
/ 22" exp <_I2> do = G (C:350)
0 a 2

Calculating the average speed for a set of No molecules at room temperature gives

SRT\ /2
v= (W) (C351)
8-8.3145 J mol ! K—1 . 298K 12
= 1 (C.352)
7 28 - 10~ 3kg - mol

=475m- s} (C.353)

o
x
[=}
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Note that you can remember as a rule of thumb that the speed of sound is roughly 70% of the
average velocity of the molecules the medium is made of.

b)
8k T4 1/2
Oy fpe = 1=~ 2L (C354)
N2/ VHe <8ka2>1/2 .
T He
Rearranging yields
T =Ty - N2 — 9090K (C355)

MHe
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¢) Inasimilar manner as in a, we can find the translational energy by integrating the following

expression
3/2
_ [ m 2 —mu?\ 1 o
€t —/0 4m <27rka> v exp <2ka> Y dv (C.356)
3/2 I
=2mm < m > / v? exp < o ) dv (C.357)
2k T 0 2k T
3/2 5/2
_ m ka
= 2mm <27rka> V12 (%) (C.358)
3
= kT (C359)

Note that in the above expression, e; is the average translational energy per particle, not

per mole of particles. To get the average energy per mole, we need to substitute k;, for R.

Furthermore, to solve the improper integral, we have used the standard integral as defined
below (this one differs from the one proposed above!). Alternatively, you can use the method
of integration by parts.

oo - 2n—+1
/ 220 eXp—;p'l-’/az do = ﬁ@ (g) (C.360)
0 n! 2

Plugging in the values for 1 mol of Ny at 100, 298 and 1000 K yields

&(T = 100 K) = 1.247kJ - mol ~* (C.361)
&(T =298 K) = 3.71 kJ - mol ~* (C362)
&(T = 1000 K) = 12.47k] - mol ~* (C363)
[

@ | soin | 26

a) Using the ideal gas law, we can write for the particle density

n P
_n_ C36
PE VT T (C364)
Plugging in the numbers yields
P 1-10° Pa
P (C:365)

T kT 1.3806488 - 10-23] - K~ 1 . 208.15K
= 2.43 - 10° particles - m ™3 (C.366)
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Because the partial pressure of N is % of the total pressure and the partial pressure of Hy is
% of the partial pressure, their respective number densities are

PN, = — - 2.43-10%% = 6.1 - 10?4 particles - m—3 (C367)

YU

PH, = = -2.43-10%% = 1.8 - 10%° particles - m 3 (C.368)

b) The collision density is given by equation 2.113 on 57:
1/2 1/2
Z =2 (M> o2n? =2 (ﬂ) o?n2. (C.369)
m M

(note that in the above formula, o is the collision radius)

Plugging in the values yields

Z(Hg, Hy) (C.370)
r.83145.208K \'/? [271.10-10 \? 2
= (_) . < m) - (1.8 -1025 particles - m73)
2-10~3 kg - mol 1 2
(€371)
=2.35-10%* collision - m 35! (C.372)

Note that due to the large difference in the smallest and largest numbers (10~22 and 1025),
some calculators have numerical problems (that do not raise an error...) resulting in wrongly
calculated numbers.

Perform this calculation on Wolfram Alpha:(Z' https:
//www.wolframalpha.com/input/?i=2+*+(pi+x+8.
3145+%+298+%2F+(2e-3) )%5E0.5+*+(2.71e-10+%2F+2)
%5E2+% (1.8e€25)%5E2
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c) Similar to the above results, we can calculate for the collision between Ng and Ng

Z(N2,N2) (C.373)

1/2
7 -8.3145 - 298 K / 3.73-10~10
28 -10—3 kg - mol ! 2

2
2
m) . (6.1 -10%4 particles - m_?’)

(C.374)
=1.36 - 1033 collision - m 351 (C.375)


https://www.wolframalpha.com/input/?i=2+*+(pi+*+8.3145+*+298+%2F+(2e-3))%5E0.5+*+(2.71e-10+%2F+2)%5E2+*(1.8e25)%5E2
https://www.wolframalpha.com/input/?i=2+*+(pi+*+8.3145+*+298+%2F+(2e-3))%5E0.5+*+(2.71e-10+%2F+2)%5E2+*(1.8e25)%5E2
https://www.wolframalpha.com/input/?i=2+*+(pi+*+8.3145+*+298+%2F+(2e-3))%5E0.5+*+(2.71e-10+%2F+2)%5E2+*(1.8e25)%5E2
https://www.wolframalpha.com/input/?i=2+*+(pi+*+8.3145+*+298+%2F+(2e-3))%5E0.5+*+(2.71e-10+%2F+2)%5E2+*(1.8e25)%5E2
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Perform this calculation on Wolfram Alpha:{Z https:
//www.wolframalpha.com/input/?i=2+%+(pi+*x+8.
3145+%+298+%2F+(28€-3) )%5E0Q.5+x+(3.73e-10+%2F+
2)%5E2+% (6.1e24)%5E2

d) We can calculate the number of collisions between Ny and Ho by plugging in the effective
diameter d = (dq + dg)/2, we then obtain:

srkpT\ /2
Z(0Na.Hy) = (FEL) o3 s Na N (C.376)
_ [ 8-7-8.3145-298 K lﬂ' @71+&my1040m é
1.86-10—3 kg - mol ~* 4
<1.8 -10%® particles - m_3) . (6.1 -10%4 particles - m_3> (C377)
= 1.64 - 10%* collision - m 35! (C.378)

//www.wolframalpha.com/input/?i=(8+*x+pi+*x+8.
3145+%+298+%2F+(1.86e-3) )%5EQ.5+%+((2.71+%2B+3.
73)*x1e-10+%2F+4)%5E2+%1.8e25+x+6.1e24

e) The number of collision is just the sum of all possible sets of collisions yielding

Ziotal = 4-13 - 1034 collision - m 357! (C.379)

@ [ souion | 27|

a) From the formula, the pre-exponential factor and the activation energy can be easily
extracted

v —9.10'5 (C.380)
AEat = 274 k] - mol ! (C.381)

b) Draw an reaction energy diagram with three states (initial, transition and final state). Make
the height of the transition state higher than the initial and final states.

Perform this calculation on Wolfram Alpha:{Z https:
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https://www.wolframalpha.com/input/?i=2+*+(pi+*+8.3145+*+298+%2F+(28e-3))%5E0.5+*+(3.73e-10+%2F+2)%5E2+*(6.1e24)%5E2
https://www.wolframalpha.com/input/?i=2+*+(pi+*+8.3145+*+298+%2F+(28e-3))%5E0.5+*+(3.73e-10+%2F+2)%5E2+*(6.1e24)%5E2
https://www.wolframalpha.com/input/?i=2+*+(pi+*+8.3145+*+298+%2F+(28e-3))%5E0.5+*+(3.73e-10+%2F+2)%5E2+*(6.1e24)%5E2
https://www.wolframalpha.com/input/?i=2+*+(pi+*+8.3145+*+298+%2F+(28e-3))%5E0.5+*+(3.73e-10+%2F+2)%5E2+*(6.1e24)%5E2
https://www.wolframalpha.com/input/?i=(8+*+pi+*+8.3145+*+298+%2F+(1.86e-3))%5E0.5+*+((2.71+%2B+3.73)*1e-10+%2F+4)%5E2+*1.8e25+*+6.1e24
https://www.wolframalpha.com/input/?i=(8+*+pi+*+8.3145+*+298+%2F+(1.86e-3))%5E0.5+*+((2.71+%2B+3.73)*1e-10+%2F+4)%5E2+*1.8e25+*+6.1e24
https://www.wolframalpha.com/input/?i=(8+*+pi+*+8.3145+*+298+%2F+(1.86e-3))%5E0.5+*+((2.71+%2B+3.73)*1e-10+%2F+4)%5E2+*1.8e25+*+6.1e24
https://www.wolframalpha.com/input/?i=(8+*+pi+*+8.3145+*+298+%2F+(1.86e-3))%5E0.5+*+((2.71+%2B+3.73)*1e-10+%2F+4)%5E2+*1.8e25+*+6.1e24
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) A cyclopropane molecule can be thermally excited by collission with another cyclopropane
molecule or another molecule in the same gaseous phase. If the pressure would be signif-
icantly lowered, the reaction rate would be lower because there are fewer collisions.

AEg

a) The general reaction equation being used is
k
R==R¥ —P (C.382)
This gives the following rate expression

r = koK1 [R] (C333)

b) The general expression is

kT Q** AE,
r= ”T% exp (— ka) R] (C384)

Note that in the above expression, Q** denotes the total partition function of the transition
state without the partition function corresponding to the imaginary frequency.

¢) Transition State theory takes all degrees of freedom (rotational, translational as well as
vibrational) into account and not just the translational degrees of freedom in collision theory
(rendering the latter theory inconsistent with thermodynamics).
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7 st | =5

a) The main assumptions of transition state theory are

« There exists an equilibrium between the initial and the transition state

« The crossing of a species from the transition state to the final state is for the calculation
of the rate constant assumed to be irreversible and corresponds to a particular frequency

« The frequency of transmission or crossing can be modeled as an ultrasoft vibrational
mode (other alternatives are possible, but are mathematically more complicated)

b) The general expression is

kT Q* AE,
k= ho exp ( T > (C.385)

Note that in the above expression, Q* denotes the total partition function of the transition
state without the partition function corresponding to the imaginary frequency.

c) The first term in the equation (%) is a frequency factor (its dimension is in reciprocal

seconds), corresponding to the number of species crossing the barrier in the transition state
in a given time frame. The second term is the quotient of the total partition functions in the
transition and initial state (please note the comment above regarding the transition state). The
last part relates to the difference in electronic energy between the initial and transition state,
commonly expressed as the activation energy. Loosely speaking, this term is the obtained
result when dividing the electronic partition functions of the transition and initial state.

d) Assuming that all entropy is lost in the transition state, we can formulate the following
identities

kLt
K1 =exp _A¢ = exp _AfH - exp a8 =L (C.386)
ka k‘bT k‘b k;l

(C387)

The forward and backward rate constants are defined as

A pforward kT Q## A pforward
= _ act _ M _ act C.288
1 Vforward €XP < ky T ) h o Q ex ky T (C.388)
and
_ A Ebackward ka A Evbackward
kl = Vbackward €XP <_Zcth = o €xp —Z:cb# (C-389)

Dividing these two yields
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ke T Q## AE:fchrward
AH As\ hoa e (_ TRl
exp| ——— | -exp| — | = (C.390)
kyT ky, k%T exp (_ A%;;wm>
b

If we assume that all entropy is lost in the transition state, than the difference between forward
and backward activation energies is equal to the reaction enthalpy.

H##
€xp <if) = 7QQ (C.391)
kT —130 J/mol _
Vforward — bT exp <I£/) = 2.701 - 1065 1 (C.392)

Note that I have replaced the Boltzmann constant for the gas constant, because the energy
was given in a per mole basis. Furthermore, note that the result is quite a low value for a
chemical reaction. Typically, chemical reactions have a pre-exponential factor around 1013.
The reason is the significant reduction in the number of degrees of freedom upon dissociative

adsorption.
e)
kT —130 J/mol 50 - 103 J/mol 1
— &bt e Y i = =14 .
r P ( R exp R 800K 69s (C.393)
[ ]
a)
FONOM
;’ L kT Q™ exp( AEa> kT \R T eXP( AE3> (C394)
z T h Q kT ) R (D (2) (3) kT '
E Q b qy gy ar b
L]

b) To write down the above expression in Arrhenius-form, normally we are allowed to neglect
the vibrational partition functions. Here, such an assumption is not given, thus we have to
evaluate this expression. Luckily, because the number of translational and rotational partition
functions is similar for the transition state as for the initial state, we do not have to evaluate
these.

: 1
AE:ghemus _ kaQ r(;?j (C.395)
zalnkaT 2Bln (17exp<fk};7”T>)
= ABy+ kT2 — 4 1 C396
a Ky otk o7 (C396)

= AEy + kT +

hv exp (7%)
v

(1 . (*k%)) (C.397)
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Applying a Taylor approximation to the last term and neglecting all quadratic terms gives

h
hv exp (—kb—l%) N ho( —%)

~ C.398)
o (€39
<1fexp<7k};—”T>) -1+ g7
. . . . . . h
This we can further simplify this equation by assuming that kb—’} < 1.
ho(1 — 2
S 7 L LA PO (C399)
1-14 b kyT b
-1+ BT b
And thus finally obtaining
AEAthenius — A 4 o, T (C.400)
|

a) The second derivative of the energy (potential) can be calculated using a numerical deriva-

tive as follows

02V Vy—p —2Ve—o + Vee_p

b=y == 2 (C.401)
The direction in which we pertubate the system is given by

41 =TBC —TAB (C.402)

92 =TBC +TAB (C.403)

where ¢ is a vector in the direction of the reaction coordinate and g5 is a vector perpendicular
to the direction of the reaction coordinate.

From Figure 2.4, we see that the energy in the direction of the reaction coordinate at V,— _;, =
Vy—p = 11.00 a.u., where h = 0.152 A. The energy at the transition state is V,—g = 11.35
a.u.

Thus,
2y ‘9
1= 5.2 = —49.38 a.u. [ A (C.404)
= —2125] / m? (C.405)
In the direction perpendicular to the reaction coordinate, we find V(z = —h) = V(z = h) =

12.00 a.u., where h = 0.239 A, thus
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2
k| = Z—‘Z/ =341.1 a.u. / A2 (C.400)
x
=14870] / m? (C.407)
b)

w” = % (C408)
=1.127-10"°y/=1s7! (C.409)
=33.59 cm ™! (C.410)

w| = k (C.411)

m
=2.982.10'%s7! (C.412)
=99.47 cm™! (C.413)

Note that the wavenumber in the direction of the reaction coordinate is very low and imaginary.
In contrast, the wavenumber perpendicular to the direction of the reaction coordinate is real
and has a higher force constant.

c) A transition state on the multi-dimensional potential energy surface is characterized by
one imaginary frequency in the direction of the reaction coordinate and real frequencies in all
other directions. In other words, a transition state is a maximum in energy in one direction
and a minimum in energy in all other directions. Such a point is considered stable as the
forces (the first derivative of the energy) is zero as given by

A 0 for all 4. (C.414)
0q;

Note though that such a state is meta stable in the sense that a small pertubation in the
direction of the reaction coordinate would propagate this system either towards the initial or
the final state due to the particular shape of the potential energy curve around this point.

a) The vibrational frequency correlates with the strength of a bond. So a stronger bond has a
higher vibrational frequency.

b) The bond between two atoms in the transition state is relatively weak, as such, the frequency
of this bond is weak (or loose) as well.
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¢) From statistical thermodynamics, we can express K as the quotient of the molecular
partition function in the transition and initial state:

K= - (C.415)

where Z1 is the molecular partition function in the transition state and Z is the molecular
partition function in the initial state. The molecular partition function is the product of
the electronic, vibrational, translational and rotational partition functions. We can extract
the electronic partition function from the above equation and use it to define the electronic
reaction barrier as follows

Qf T CAtl

K = 5 exp / exp ka (C.410)
—(et — —(el —¢) C

kT (C-417)

< AEa) (C.418)

where where Q1 is the configurational partition function in the transition state and Q the
configurational partition function in the initial state. The configurational partition function
is the product of the rotational, translational and vibrational partition functions. From the
configurational partition function in the transition state, we are going to extract the partition
function corresponding to the loose vibration, this yields

_Qb(-AE
K = 9 exp < T > (C.419)
K= - Q—H exp <_AE3> (C.420)
1—exp (—ﬁ—“‘%) Q kyT .
1 IL: /i <AE3)
K= exp (C.421)
1—exp (—khb—“j’,) II; /5 kyT

d) The vibrational partition function for a loose vibration (i.e. the vibration in the direction
of the reaction coordinate at the transition state) is

+ 1
fop = ——F—~ (C.422)
Vv h
1-eo ()
1
[ — C.42
1—1+ 2 (C.423)
- (C.424)
= o :
T T
— kbl (C.425)
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Note that in the above expression, i runs overall the configurational degrees of freedom of
the transition state minus the degree of freedom corresponding to the loose vibration in the
direction of the reaction coordinate and j runs over all the degrees of freedom of the initial
state.

e) Plugging the result for the loose vibration into the formula for the rate constant and using
v = w gives

k= vk (C.426)
- %y%ex}) (- :;;) (C.427)
- ]%TT% exp <—:;“T> (C.428)
- ’%TT%T exp (-kf”;;) (C-429)

where Q1T is the configurational partition function in the transition state without the partition
function corresponding to the loose vibration (hence the double ) and Q the configurational
partition function in the initial state. Here, the configurational partition function is the
product of the rotational, translational and vibrational partition functions.

Solution to challenges
Challenge: Maxwell-Boltzmann distribution

The total set of macrostates and the corresponding number of microstates for each macrostate
is schematically represented in Figure C.3. The number of microstates were calculated using

equation 2.162 on page 72. For example, the number of microstates for macrostate 4 is given
by:

5! 120

Y=o oo - 1Y (C-430)

We calculated the average number of particles per energy state using equation 2.164 on
page 773. We obtained the following numbers as given in Table C.1.

Table C.1: Average number of particles n; per energy level .

ng

2.000

1.333
0.833
0.476
0.238
0.095
0.023

QA [ B[ W ([N [~ [0 |
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Figure C.3: Schematic depiction of all macrostates for distributing 6 units of energy over 5 particles. Above each
subfigure is the number of microstates for that particular macrostate given.

The average number of particles in energy state 4 is shown in Figure C.4. We used a
simple curve fitting procedure to fit the data as shown in Table C.1 to equation 2.165 on page
73. The result of this fit is shown in the same Figure. Note that the distribution we derived
using only five particles and six energy units approximates the exact Maxwell-Boltzmann
distribution to a very large extend. Increasing the number of particles would result in a better
match with respect to the exact solution. Typically, you would consider a number of particles
in the order of 1023, which would give the exact solution.!

We obtained a value of A = 2.05028583 and ¢ = 0.488230. From this, the temperature is
easily calculated as

T= A—RE -c~ 587 K. (C.431)

*Although figuring out all the macrostates and number of microstates would become nearly impossible, but that is
exactly why we employ statistics.
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Figure C.4: Average number of particles as a function of the energy level. The dotted line represents the curve fit.
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C.3 Solutions of Chapter 3

C.3.1  Solutions to questions

1. The difference between a rotational degree of freedom and a hindered rotor is the

extend by which both can freely rotate. If a complex can freely rotate without the energy
of the system increasing or decreasing, then the complex has a rotational degree of
freedom. In contrast, if such a rotation is hindered, then the degree of freedom can
be approximated as a hindered rotor. In fact, if the rotation is severely hindered (for
instance by a harmonic potential), then the degree of freedom can be modeled by a
vibration.

. The zero point energy can be calculated by

h
2%k, T

Sk

EZPE = (C432)

from which it can be seen that the mass m is in the denominator and thus is inversely
proportional to the zero point energy. Thus, atoms with a low mass have a more
pronounced effect on the zero point energy than atoms with a high mass. For this
reason, substitution of a hydrogen atom by a deuterium atom has a very strong effect
in the evaluation of many kinetic properties.

C.3.2 Solutions to exercises

The solution below pertain to the exercises of Chapter 3 on page 81 and further.

a) We assume that this reaction occurs over a surface and that the corresponding partition
functions are vibrational. Furthermore, we assume that the separation of the vibrational
levels is thus high that only the ground state is occupied. Furthermore, we assume that we
can neglect the ZPE correction. In that case, the reaction rate in the forward and backward

direction are

and

kT —AFE,
forward = bT exp <kaact> (C'433)
kyT —AFByq
_ kT C.
P ( T ) (C.434)
=4.84-10%! (C.435)
kT —AFE.
Epackward = bT exp (kaaCt> (C'436)
ky T —AEq
_ kT C.
o CXP ( T ) (C.437)

=3.21s7L. (C.438)
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b) The surface area A of the adsorption site is calculated by
12
-t (C.439)
1 <
=5 A)? (C.440)
= 3.67205 A (C.441)
=3.67205 - 10720 m? (C.442)
The rate constant for CO desorption is calculated as
kyT3 A (2mmbky) — Ees
k= C.
W ot CP\ T (C.443)
=1.08-10° s~1 (C.444)
c) The rate constant for the adsorption of CO is calculated by
PA
ks = —F— C.
ads \/W (C.445)
=6.16-10"3s7! (C.446)

d) Despite that the adsorption reaction has no activation energy, for the desorption reaction the
transition state has more entropy than the initial state, whereas for adsorption the transition
state has less entropy than the initial state. As such, at relatively high temperature, the

desorption becomes several orders of magnitude faster than the adsorption rate.

@ [ souion | >2]

a) The forward rate is given by

. _ kBT QT exp —AEaqt
forward R Q RT

kT (2m)3/21

—AFE,
= 7\/3kbmHTexp( ad)

h RT
=1.16717-10% s~ 1.

(C.447)

(C.448)

(C.449)

Here, we have assumed that all vibrational partition functions have a value of unity. To avoid

confusion, we have used [, rather than R for the C-H bond length.

b) From equation C.449, we can calculate the apparent activation energy by
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Olnr
E;igtp = RT? BT (C.450)
Olnk
= kT2 C.
b5 Tor (C-451)
1
= k‘bT + §ka + AEaCt (C452)

Thus, the apparent activation energy is higher by %ksz, which is about 6.2 kj/mol at 500K. In
other words, the correction of the zero point energy correction is relatively small as compared
to the electronic activation energy. Nevertheless, for reactions with small barriers (e.g. for
some hydrogenation reactions), the correction can be significant.
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C.4 Solutions of Chapter 4

C.4a1 Solutions to questions

1. A power law describing a reaction has the following form r = k[]; ¢;v;, where k is
the rate constant of the reaction, c; are the concentrations of compounds i and v; are
the stoichiometric coefficients of the reaction. If the reaction is an elementary reaction
step, then k represents the rate by which the reactants are converted to the product state
when they meet. The product [, then represents the chance that these reactants meet.
Logically, that chance is correlated to the concentration of the reactants. Furthermore, if
for the reaction two or more of the same reactants are required, then this concentration
is raised to a power equal to the stoichiometric coefficient.

2. A valid set of elementary reaction steps is

CO + * = COx (C.453)

CO * +% = C* +0x (C.454)
C# +H% S CH % 4+ (C-455)
CH * +Hx* S CH,, * +x (C.456)
CH, * +Hx S CHy * +x (C.457)
CH, * +Hx* = CH, + 2% (C.458)
O % +Hx* 5 OH * +* (C-459)
OH * +Hx* S H,0 x +x (C.460)
H,O0 + * = H, 0%, (C.461)

though more sets can be valid. For instance, the CO dissociation can be hydrogen-
assisted (where first CO is hydrogenated prior to C-O bond scission). Alternatively,
water can be formed by migration of a hydrogen atom between two hydroxyl species.

3. Hydrogenation of CH, to methane forms a stable molecule (one that fulfills the octet
rule for C) and consequently such a stable molecule is no longer covalently interacts
with the surface. In fact, such a complex has only a weak interaction with the surface
due to Van der Waals interactions. In contrast, ammonia has a lone pair which can still
interact with the surface to form a metal-nitrogen bond.
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4. The reaction order or apparent activation energy are obtained by calculating the first
derivative of the logarithm of the rate towards the pressure or the temperature, re-
spectively. For an overall reaction wherein there is only one type of product, the rate
of consumption of any of the reactants can be expressed by the rate of the product
multiplied by some constant that can be derived from the stoichiometric coefficients.
For example, in the reaction A + 2B + 3C — D, the rate of consumption and production
of all the compounds are related by the following expression

rp=-rap=-2rg=-3rg (C.462)

Thus, we can express the rate of consumption of any of the rate constant by calculating
the quotient of the corresponding stoichiometric coefficient. As this constant has no
dependency on either the pressure or on the temperature, it drops out of the logarithm
as follows
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dlnr _ Oln(er)

dr Oz (C.463)
_ Oln(r)  Oln(r)
T oz * Ox (C.464)
__ Oln(r)
=75 (C.465)

where = denotes either the partial pressure for the reaction order or the temperature
for the apparent activation energy.

5. The surface coverage of O is determined by adsorption energies of CO, O and CO,.
Because the adsorption energy of CO is so high, the surface is predominantly covered
with CO by which there are no free sites available for O or CO, to adsorb.

C.4.2 Solutions to exercises

The solution below pertain to the exercises of Chapter 4 on page 106 and further.

a) As evident by the assumption used in the derivation, the DRC coefficient voor CO dissocia-
tion is unity, whereas all other DRC coeflicients are zero.

b)
Olnr
no, =Po, 5 - (C.466)
91n krdchopco,/I(ozpo2 .
<1+Kcopco+, /Kozpoz)
=rpo, (C.467)
9pco o
1 5
=D+ §D2 —2D3, (C468) &
<
@
where
0n (ks Kcopco
Dy = po, % (C.469)
ah’l (4 /Kozpoz)
Dg = po, T oo (C.470)
Oln (1 + Kcopco + \/Kozpoz)
D3 = po, Bro . (C.471)

The terms D; can be readily solved, which give
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Dy =0 (C.472)
1
Dy =3 (C.473)
Do L /Ko, po,
3= 7
2

(C.474)
1+ Kcopco + /Ko, po,

and combining these three terms results in

1
nco = 5 — 0o (C475)

To proof that the sum-rule for the degree of selectivity holds, we need to convert the sum
of degree of selectivity coefficients to a sum of degree of rate control coefficients.

on
2= G (C.476)
i,c 1,C
dlnne
=2 g, (C.477)
2,C
Oln rc/rr
- Z dlnk; (C.478)
Olnre Olnry
_ _ C.
> _me <8lnkzi 6lnki> (C-479)
7,C
= Z ne (xe — xr) (C.480)
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= ch Z (Xc,i - Xr,i) (C.481)

=> ne (Z Xe,i — Z Xr,i) (C.482)
= ne(l-1) (C-483)

=0 (C.484)

From a conceptual point of view, the above can be rationalized. Due to conservation of
mass, you can only generate more of one particular product in expense of another product.
So if one particular elementary reaction steps favors the product of a compound, there are
other elementary reaction steps that favor another product by the same magnitude.
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C.5 Solutions of Chapter 5

C.5.1  Solutions to Exercises

The input file for this simulation can be found using the link below:
= https://www.mkmcxx.nl/downloads/input/input_ex1l.mkm

a) The optimal temperature for the production of CO, can be found, for instance, by investigat-
ing derivative.dat or derivative.png. The results are visualized using matplotlib
in Figure C.sa. From this Figure, it can be seen that the optimal temperature is around
T =580 K.

b) The rate determining step is evaluated using a degree of rate control (DRC) analysis. This
analysis is visualized in Figure C.5b. From this Figure, it can be seen that the rate determining
step is the surface reaction: CO * +0x = CO, * +.

0.08 . co2 weeeti €O+ * 2 COV
@ Maximum is at 569.3 Kelvin -=- 0;+ 2" 220"
s COY+ O & €O+
—:- €O, +* 2 CO*

° ° ° -

Degree of rate control coefficient x

°

°

600 800 1000 1200 1400 600 800 1000 1200 1400
Temperature in K Temperate T in K

(a) Rate of production of CO, (b) Degree of rate control for CO oxidation

& APPENDIX C

The input file for this simulation can be found using the link below:
2 https://www.mkmcxx.nl/downloads/input/input_ex2.mkm

a) The optimal coverage is found by comparing the derivative graph with the coverage graph.
The optimal coverage for the reaction is when 6y = 0.5 corresponding with an optimal
temperature around 600 K.

b) The reaction. log file contains the equations of the rate constants and their dependence
on the temperature. This results in

j _ 416595 109

8.—1
= = 1521210 (s7h (C.485)


https://www.mkmcxx.nl/downloads/input/input_ex1.mkm
https://www.mkmcxx.nl/downloads/input/input_ex2.mkm
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Figure C.G: Degree of rate control

The input file for this simulation can be found using the link below:
= https://www.mkmcxx.nl/downloads/input/input_ex3.mkm

a) The set of elementary reaction steps is as follows:

A, + 2% 5 2A%

B+ % S Bx
A x +Bx S C* 4

2 Ax 5 Dx
E(E Cx* +Dx S E % +x
d Ex S E + *

Note that compound A, adsorbs dissociatively onto the catalyst surface. If component A,
would not have adsorbed dissociatively, an extra surface reaction for the dissociation of A,
would have been added to Table 5.7.

b) From Tables ?? and ??, the following can be observed. (1) The forward reaction of Ax+Bx* <
C * 4 has a high barrier whereas the backward reaction has a low barrier. (2) The adsorption
rates of compounds A, and B are comparable. (3) The backward reaction of Ax < D+ has a
high activation barrier, which could lead to surface poisoning by compound Dx.

From the above, we conclude that elementary reaction step A x +Bx < Cx* +x* will, most likely,
be significantly rate-controlling.

c) Figure C.6 shows that for the lower temperature regime the rate controlling step is A *
+Bx 5 Cx+x, however for higher temperatures the elementary reaction step C#+Dx < Ex+x
becomes rate controlling.


https://www.mkmcxx.nl/downloads/input/input_ex3.mkm
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: % -:!F' H_ri- The input file for this simulation can be found using the link below:
) FAEY & https:// k 1/d loads/i t/i t_ex4.mk
st o, ps://www.mkmcxx.nl/downloads/input/input_ex4.mkm
-*E-{;ﬂ-?{

]t

a) If elementary reaction step Ax < 2B is rate-controlling and we assume zero conversion,
the site balance becomes

04 +0x=1 (C.486)

with 6 4 being

04 =Kapatx (C.48y)

Note that for calculating the equilibrium constant of A, the Hertz-Knudsen equations are used.
This results in the following overall reaction rate

k;§ Kapa

p— f— . 5
= T4 Kapa 9.44 - 10°(mol/s) (C.488)

TRDS

This rate is consistent with the result as obtained using MKMCXX. This confirms that the
analytic expression is valid as long as the underlying assumptions are valid.

b) In coverage.png it can be seen that the most abundant reaction intermediate is Dx.

c) A negative DRC coefficient implies that the elementary reaction step is rate-inhibiting and
therefore that increasing the reaction barrier will increase the rate of the overall reaction. The
forward activation barrier for Bx < Dx is low compared to the backward activation barrier.
Furthermore the forward activation barrier for 2D < F x +x is also relatively high. As such,
for lower temperatures component D« poisons the catalyst surface and slows down the overall
reaction rate.

d) There are several options to increase the selectivity towards component F. Some are:

(a) Decreasing the forward activation barrier for 2D« < F x .
(b) Increasing the forward activation barrier for B+ < Dx.

(c) Decreasing the backward activation barrier for Bx < Dx.

(d) Increasing the forward activation barrier for Bx < Cx.

(e) Increasing the forward activation barrier for Cx = Ex.

& APPENDIX C
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APPENDIX

EXAM PRACTICE QUESTIONS

Explanation

The set of questions introduced here can be used as practice material for the examination
of the course 6A5Xo. The difficulty of these questions is expressed by the number of stars,
where 3 stars (**¥) is considered average and 5 stars (*****) is the highest difficulty level.
Solutions to these questions are provided in the next chapter on page 201.

Kinetics

Exam Practice Question D.1

A novel route for the selective oxidation of methane towards methanol is to use sulfur-
trioxide (SO;) as an oxidant. In this reaction, adsorbed SO is in equilibrium with adsorbed
oxygen and SO, in the gas phase.

SO;* 5 SO, + 0% (D.1)

Methane adsorbs molecularly after which it can react with adsorbed oxygen to form
methanol on the catalytic surface. This reaction is considered to be the rate-determining step.
Adsorbed methanol is in equilibrium with methanol in the gas phase.

a) Provide all elementary reaction steps for the overall reaction CH, + SO, — CH;OH + SO,

b) Derive an expression for the surface coverage of methane, methanol, sulfur-trioxide and
oxygen as a function of the relevant equilibrium constants and partial pressures.

c) Derive an expression for the rate of formation of methanol as function of the partial
pressures of methane, methanol, sulfur-trioxide, sulfur-dioxide and oxygen.

For the next subquestions, assume that at low temperature methanol adsorbs significantly
stronger on the catalytic surface than any of the other surface intermediates.

d) Describe how the surface looks given the above assumption. Which species is the MARI
(most abundant reaction intermediate)?

e) Derive an expression for the rate of formation of methanol. Deduce the reaction orders in
methanol and methane.



196 Appendix D. Exam Practice Questions

f) Derive an expression for the apparent activation energy and connect the terms to the
physical process. In other words, rationalize your obtained expression.

Exam Practice Question D.2

Ethylene (CH,CH,) can be oxidized to epoxide (CH,CH,0) using N,0. This process
proceeds over an Fe catalyst. In this process, ethylene adsorbs molecularly whereas N,0
adsorbs dissociatively according to the following reaction equation

N,O + % 5 N, + Ox (D.2)
Two elementary reaction steps occur on the catalytic surface, which is the selective oxida-

tion of ethylene towards epoxide
CyHy % +0% — C,H, 0 * +x (D.3)

and the recombination of two surface oxygen atoms to molecular oxygen in the gas phase

20% — 0, + 2% (D.4)

Assume that these processes occur on a catalytic surface with only one type of surface
sites. Further assume that adsorbed ethylene is in equilibrium with gas phase ethylene and
adsorbed epoxide is in equilibrium with gas phase epoxide. Finally, assume that both reactions
D.3 and D.4 are rate-determining for the formation of epoxide and oxygen, respectively.

a) Write down all elementary reaction steps for the above mechanism.
b) Derive an expression for the rate of formation of gas phase epoxide.
c) Derive an expression for the rate of formation of gas phase molecular oxygen.

d) Deduce the lower and upper limit for the reaction orders in oxygen, nitrogen, nitrous
oxide, ethylene and epoxide for both rate expressions.

Assume that for the next subquestions, ethylene and epoxide adsorb very weak as compared
to dissociative adsorption of nitrous oxide.

e) Derive an expression for the rate of formation of epoxide and molecular oxygen and relate
the reaction orders in oxygen, nitrogen, nitrous oxide, ethylene and epoxide to the surface
coverages.

f) Derive an expression for the apparent activation energy for the formation of epoxide and
molecular oxygen.
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D.3 Statistical Thermodynamics

Exam Practice Question D.3 Statistical Thermodynamics 1

Consider the following reaction which is at equilibrium:

A+B=C+D (D.s)

Molecule A has three energetic states. The ground state of A lies AE higher than the
ground state of B and the excited states are separated by 2AE.

Molecule B also has three energetic states. The two excited states are degenerate (i.e.
they have the same energy) and lie 3AE above the ground state.

Molecule C only has a single energetic state which lies equal in energy as compared to
the ground state of A.

Finally, Molecule D has three energetic states. Its ground state equals that of the ground
state of C in energy. Its two excited states lie 4A E above the ground state.

a) Draw a schematic representation of the distribution of the energetic states over the four
molecules. In this drawing, the separation in energy between the states within the same
molecule as well as the separation in energy between the ground states of the different
molecules should be clearly conveyed.

b) Construct the partition function for each of the molecules A, B, C, D.

c) Derive the equilibrium constant K as function of the previously defined partition functions.

d) Calculate the limits of the equilibrium constant for T — 0 and 7' — oco. Provide a physical
interpretation of your results (i.e. rationalize the obtained values).

|
Exam Practice Question D.4 Statistical Thermodynamics 2
Consider the following reaction which is at equilibrium:
A+B=C+D (D.6)

Molecule A has five energetic states. The ground state of A lies AE higher than the
ground state of B and the excited states are separated by 2AE.

Molecule B also has three energetic states. The two excited states are degenerate (i.e.
they have the same energy) and lie 3AE above the ground state.

Molecule C only has a single energetic state which lies equal in energy as compared to
the ground state of A.

Finally, Molecule D has three energetic states. Its ground state equals that of the ground
state of C in energy. Its two excited states lie 4AE above the ground state.



D.4

198 Appendix D. Exam Practice Questions

a) Draw a schematic representation of the distribution of the energetic states over the four
molecules. In this drawing, the separation in energy between the states within the same
molecule as well as the separation in energy between the ground states of the different
molecules should be clearly conveyed.

b) Construct the partition function for each of the molecules A, B, C, D.

c) Calculate the average energy of molecule B at 7' — 0 and T' — oo. Rationalize this results
on the basis of the partial occupation of the states of A at these two temperature extremes.

d) Derive the equilibrium constant K as function of the previously defined partition functions.

e) Calculate the limits of the equilibrium constant for 7' — 0 and T' — oco. Provide a physical
interpretation of your results (i.e. rationalize the obtained values).

|
Collision theory
Exam Practice Question D.5 Collision theory 1
Consider the following reaction
H, + Br, — 2HBr (D.7)

which occurs at T' = 450K. Consider this reaction to be an elementary reaction step. The
rate equation is hence given by

7 = Kreaction[H2][Br5] (D8)

Collision theory can be utilized to calculate the collision frequency. The frequency is
given by

8k T\ 1/2
—”) (D.9)

2
Ecollisions = 7d (
T

The masses of atomic hydrogen and bromine are 1.008 Da and 79.904 Da, respectively.

A Dalton equals 1.66054 - 10~27 kg. The effective collision diameter of H, and Br, are 1.5 A

and 2.8 A, respectively. The Boltzmann constant is given by k; = 1.38064852 - 10~23 m? kg
-2 g—1
s K™

a) Calculate the value for the collision frequency between H, and Br, using collision theory
given the above conditions.

b) What are the dimensions of kyjjision?

c) Explain in the context of collision theory why the number of collisions that results in a
reaction is very low and why this number increases rapidly with temperature.

d) How does the number of effective collisions (i.e. that lead to a reaction) scale with respect
to temperature? Choose between constant, linear, quadratic, exponential and logarithmic
scaling and rationalize, on the basis of statistical thermodynamics, your choice.

& APPENDIX D




[=]
=3
=}
z
w
o
[

<

L]

D.5

D.5 Transition state theory 199

€) Provide an expression for the rate constant kye,ction and calculate its value at T = 450K.
Assume that the activation energy is AE, = 200 kJ/mol.

f) Besides collision theory, there also exists transition state theory. Why do these two theories
not give the same equilibrium constant when applying these to the same reaction? Consider
the nature of the degrees of freedom involved in both theories.

Transition state theory

Exam Practice Question D.6 Transition State Theory 1

Ozone (0,) can adsorb on a metal surface. Upon adsorption, the molecule can neither
translate nor rotate on the surface. Assume that all vibrational partition functions equal
unity, with exception of the one corresponding to the reaction coordinate. We consider two
situations:

I. O, dissociates to O and O,, where the O, immediately desorbs from the surface:
03* — 0, + Ox*

2. 0O, dissociates to adsorbed O and adsorbed O,:
03* — O, * +0x%

a) Provide a schematic depiction of the reaction for situation (1) (i.e. make a drawing of the
reacting fragments on the catalytic surface). Clearly indicate the reaction coordinate. The O,
fragment cannot translate in the transition state, but it is able to rotate. Derive an expression
for the reaction rate of this dissociation reaction within the framework of transition state
theory. Pay careful attention to the number and nature of the involved partition functions.

b) Use the expression obtained in the previous subquestion and compare it to the Arrhenius
expression. Assuming that both expressions give the same rate, what would be the activation
energy and the pre-exponential factor of the Arrhenius equation if the previously obtained
equation is cast to the Arrhenius formulation?

c) Provide a schematic depiction of the reaction for situation (2). In the transition state, O,
can neither rotate, nor translate. Derive an expression for the reaction rate of this dissociation
reaction within the framework of transition state theory. Pay careful attention to the number
and nature of the involved partition functions.

d) What is in situation (2) the activation energy and pre-exponential factor if the rate expres-
sion of the previous subquestion is cast to Arrhenius form?

€) In which of the two situations will the reaction rate for dissociation be the largest if we
assume that the activation energy for situation (1) and (2) is identical? Rationalize your result
using the concept of entropy and relate this to the partition functions.

- Exam Practice Question D.7 Transition State Theory 2

In this question, you are going to derive the Eyring expression from basic principles. The
Eyring expression describes the rate of change between two stable states (i.e. initial and final
state) via a transition state that connects these two states.
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a) What are the fundamental assumptions of the Eyring equation and use these assumptions
to construct the following equation:

k=krK, (D.10)

where k is the rate constant, » is a prefactor with dimensionality s—! and K is an equilibrium

constant (dimensionless). Explain which equilibrium the equilibrium constant K represents.

b) Express the equilibrium constant as a function of the partition functions of the involved
states. For the time being, do not make any assumptions about the number and nature of the
degrees of freedom.

c) We assume that the motion over the transition state can be modeled as a very weak vibration.

Show (i.e. provide a clear and detailed derivation) that using this assumption we are able to
derive the following expression for the reaction rate constant:

]
k= ,ﬁ; Qs exp ZAEaa , (D.11)
1—exp (_h,lf> Qs kT

kb
where Q is the product of the partition functions of one or more degrees of freedom, the
subscripts IS and TS refer to initial and final state, respectively, and v is the frequency of the
vibration (in s~1). Please note the dagger superscript (1) in Q;S!

d) Provide a supporting motivation for the assumption that the vibration over the transition
state is weak. Use in your explanation the concept that a vibrational degree of freedom
corresponds to a chemical bond.

€) When ;:‘7’1’ ) < 1, the expression for the vibrational partition function can be simplified.

Use the Taylor-expansion of the exponential function:

2 3 4
x x x
expx:1+x+§+§+z~~- (D.12)
to show that the vibrational partition function can be simplified to
kT
qu = L (D'IS)
hv

by excluding all terms in the Taylor expression beyond the linear term (i.e. discard all quadratic
and higher order terms).

f) Finally, which two variables need to be equal to obtain the general Eyring equation as given
by

;
k= BT Qrs N —— (D.14)
h Qs kyT
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APPENDIX

EXAM QUESTION SOLUTIONS

E.1 Introduction

Below, the solutions to the exam practice questions are provided. These solutions are written
in a concise fashion, sometimes omitting trivial steps in the derivation. If you are unable to
follow some or more of the derivations, it is recommended that you look back at one of the
earlier exercises of the corresponding chapter. More elaborate solutions are provided there
which might help you in understanding.

E.2 Kinetics

Exam Solution E.1

a) The set of elementary reaction steps is given below. Herein, equation E.4 is the rate-
determining step.

1. SO;* =S50, +Ox (E.1)
2. CH, +=xSCH,=* (E.2)
w 3. SOy + x5 80, (E3)
E 4. CH, * +0% = CH;OH * + * (E.4)
a 5. CH;OH + * = CH;OHx (E.s)

b) Assume a quasi-equilibrium for all the elementary reaction steps before the rate-determining
step. From these, the following Langmuir adsorption isotherms can be derived.
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; Kapch, 6
CH, = K1K3;Dso3 (E.6)
L+ Kopcn, + K3pso, + KspcH,0H + —50—
) K3pso, .
SO3 = K1K3p503 ( 7)
L+ Kaopcn, + K3pso, + KspcH,0H + —5—
Kspch, on
Ocyou = 2 (E.8)
3 K1 Kspso,
L+ Kaopcn, + K3pso, + KspcH,oH + —5—
K1 Kspso,
0 - Pso, (E.9)
o = K1 Kspso, 9
1+ Kapcu, + K3pso, + KspcH,0H + —55—
(E.10)

c) The rate of formation for methanol can be directly found by plugging in the relevant
Langmuir isotherms in the rate expression for elementary reaction step (4)

K K1K3;Dso3
4 2PCH4T

rcH,0H = k4fch, b0 = (E.11)

K, K3Pso3 2
Pso,

(1 + Kopch, + K3pso, + Kspch,on +

d) Adsorbed methanol is the MARI, hence the surface mainly contains methanol and vacant
sites.

€) Applying the MARI enables us to neglect those coverage terms in the denominator which do
not correspond to the MARI. Next, the differential for the reaction is solved for the simplified
rate expression to obtain the reaction order in methanol and methane.

K1 K3pso
k4K2PCH4pT3
rcH,0H = kafch bo = N (E.12)
<1 + K5PCH30H)
Olnr
MCH,0H = PCH,0H 7-——— = —20cH oH (E.3)
'PCH,OH
Olnr
"'CH, = PCH, 5 =1 (E.14)
PCH,
f) The apparent activation energy is given by
Olnr 4
2
N AEDY 4+ AHy + AHy + AH; — 20ci, oA (E.15)

The apparent activation energy is the amount of energy which needs to invested for the
overall reaction to occur. This energy is equal to the activation energy of the rate-determining
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step and is reduced by the adsorption energy of particular components when the surface
is vacant but increased when the surface is poisoned. The latter can be interpreted in the
sense that some energy needs to be invested to remove a component from the surface. In
this particular case, the reaction can be inhibited by methanol as is seen from the (negative)
dependence on the methanol surface coverage.

|
Exam Solution E.2
a)
1. N0+ % S N, + Ox (E.16)
2. CH, ++ S CHy x (E.17)
3. CH, * +0% = C,H, 0% (E.18)
4.0, + 2% 5 20% (E.19)
5. C,H,0 + x = C,H,Ox (E.20)
b)
rc,H,0 =k30c,n, 0o (E.21)
PN, 0
Ky 5 Kape n,
=k3 ; 2 5 (E.22)
N,0
(1 + K150 + Kapen, + K5PC2H4O)
(E.23)
9
=k, 03 E
ro, =F4bo (E.24)
PN,o 2
(Kl P, )
=ky 2 (EZS)
1+ K 20 4 +K
1, 2PC,H, 5PC,H,0
d)
reaction orders ‘ 0, ‘ N, ‘ N,O ‘ C,H, ‘ C,H,0
TC,H,0 o LI 1,1 -1,I -2,0
TO, o | -2,0| 02 | 20 -2,0
€)
P
" K pNNZO Kapc,n,
re,H,0 =k3———— % (E.26)
z PN, o
(1 T K T)
< 2
w 2
PNy0
(Kl PN, )
ro, =k4 (E.27)
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We obtain the the following reaction order for the epoxide

no, =0 (E28)
nN, = — 1+ 20¢ (E29)
nNzo =1- 200 (ESO)
nC2H4 =1 (ESI)
nc,u,0 =0 (E-32)
and for molecular oxygen
no, =0 (E.33)
nN, = —2+20o (E:34)
TLNZO =2 — 200 (E35)
nC2H4 =0 (E36)
nc,H,0 =0 (E.37)
f) The apparent activation energy for epoxide formation is
AEDPP = ABE3 + AHy (1 —200) + AHy (E.38)
and for the formation of molecular oxygen
AERY = ABy + AH; (2 — 200) (E39)
|

E.3 Statistical Thermodynamics

Exam Solution E.3 Statistical Thermodynamics 1

a)
ag —
2AFE
al b1,2 4AE
2AE
3AE
ag [€0) doy

bo

Figure E.1: Energy level diagram of A, B, C, and D.

dy 2
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b) Set the energy level of by to the global ground state (i.e. zero):

—AFE n —3AE n —5AFE (E.40)
= X Ira— X X] .
A | 7 | 57 | 57 4
—3AFE
qB = 1+ 2exp < lij > (E.41)
ac = exp (ﬁf) (E.42)
—5AFE
= 2 E.
ap EXP<kT>+eXP<ka> (E.43)
¢) The equilibrium constant K for the above reaction is
q9c4d
K = 1¢9D (E-44)
dA9B

d) When T' — 0, all exponentials go to zero, whereas at " — oo, all exponentials go to unity.
Thus:

K(T = 0) = lim % -0 (E.45)
K(T — o0) = lim % = é (E.406)

At T — 0, only the lowest state is occupied, which is by. Hence, the equilibrium constant is
0. At T — oo, all states are equally likely to be occupied. Hence, our equilibrium constant
should resemble the ratio of the products of the number of states of each component (which
is basically the definition of the partition function at infinitely high temperature).

Exam Solution E.4 Statistical Thermodynamics 2
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aq

2AE
a3
2AE
as _ dy,2
2AE
ay b2 4AE
2AE
3AE
ag co doy
by
Figure E.2: Energy level diagram of A, B, C, and D.
b) Set the energy level of by to the global ground state (i.e. zero):
—AFE i —3AE n —5AFE
=exp | —— exp [ ——— ex -
A=\ T P\ kT P\ kT
i —7AE n —9AFE (E.47)
B €X] €X] .
P\ 5T Pl 57 47
—3AFE
=142 E.48
qaB +eXp<ka> (E-43)
—AFE
- E.
ac =exp < T ) (E-49)
—AFE —5AF
= — 2 E.
ap =exp ( T ) +2exp ( Ty T > (E50)
¢) The equilibrium constant K for the above reaction is
K = 9¢1D (E.31)
9dA9B
d) The average energy of molecule B is given by
_ dlngp g
=k, T2 L2 E. 2
B =hT"— (E-52) £
—3AE @
2~3AE-exp< T ) @
= YN (E-53)
14 2exp ( T )

AtT — 0, €4 = 0 as only the ground state is occupied which has an energy value of o.
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AtT — oo, €4 = 2AFE, as all its states are equally occupied. Hence, we get the arithmetic
average of the energy values of all these states.

€) When T — 0, all exponentials go to zero, whereas at ' — oo, all exponentials go to unity.
Thus:

K(T — 0) =1im[1)’g =0 (E-54)
13 1
K(Tﬁoo)—llm5.3—5 (E-55)

At T — 0, only the lowest state is occupied, which is by. Hence, the equilibrium constant is
0. At T — oo, all states are equally likely to be occupied. Hence, our equilibrium constant
should resemble the ratio of the products of the number of states of each component (which
is basically the definition of the partition function at infinitely high temperature).

]
Collision theory
Exam Solution E. Collision theory 1
5 Yy
a)
10—10 1010
2o 1510710 +28-10 46 10-20 m? (E6)
2
1.008 - 2 - 79.904 - 2
=008 2 199042 66 1027 — 33010727 kg (E57)
1.008 - 2 + 79.904 - 2
ky -4 1/2
k=r-4.6-10"20 (%) = 3.16 - 10~ 16 collisions - m?3 - s~¢
(E58)

b) The unit is collisions - m3 - s~ 1.

c) Not every collision immediately results in a reaction. Only those collisions where the
particles have sufficient kinetic energy, i.e. equal or larger than the activation energy, will result
in a reaction. The number of particles that meets this criterion increases with temperature.

d) The average kinetic energy of the particles in the ensemble increases exponentially with
temperature, as can be seen from the Maxwell-Boltzmann velocity distribution and the related
average kinetic energy expression.

o

—AE, 1 —200 - 103
Ereaction =Kcollision - €XP ( RT ) =3.16-10"16. €xp (R450 (E59)

=6.1880452 - 1040 m3 . 571 (E.Go)

Note that this is the reaction rate constant on a per-particle basis. On a per molecule basis,
the number is much larger (by about 23 orders of magnitude).



Es

208 Appendix E. Exam Question Solutions

f) In collision theory, only translational degrees of freedom are taken into account, whereas in
transition state theory, also rotational and vibrational degrees of freedom are considered. (Note
that despite this discrepancy in collision theory, since translational degrees of freedom give
the largest partition functions as compared to rotational and vibrational degrees of freedom,
collision theory remains fairly accurate.)

Transition state theory

Exam Solution E.6 Transition State Theory 1

a)

o) o o -0 o) o)
v

Figure E.3: Schematic depiction of the initial, transition and final state of O, dissociation over a catalytic
surface. Note that this is a side view, where the viewing direction is parallel to the catalytic surface. The reaction
coordinate is shown as a dashed arrow in the image for the transition state.

1
k= kyT 111()7)‘11(" ) —AFqct kT —AF,ct
= 0 exp = grexp | ——— (E.61)
Q) Ky T h ky T

In the transition state, the complex has in total 9 degrees of freedom. One degree of freedom
(DOF) corresponds to the imaginary frequency and is in the direction of the reaction coordinate.
This DOF is represented by }“’TT Another DOF is the rotational DOF and all other DOFs are
vibrational. In the initial state, all DOFs are of a vibrational nature.

b) The Arrhenius-form activation energy is given by

heni 2 Olnk
AEathenius — pp or (E.62)
Plugging the above rate expression into this formula yields for the activation energy:
AEAThenivs — A 4 2k, T (E.G3)

If the two forms (Arrhenius and Eyring) are equal, this yields the following expression for the
pre-exponential factor:

Varrhenius = —, "¢ " dr (E64)
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(6] (6] fo)

Figure E.4: Schematic depiction of the initial, transition and final state of O, dissociation over a catalytic surface.
Note that this is a top view, where the viewing direction is perpendicular to the catalytic surface. The reaction
coordinate is shown as a dashed arrow in the image for the transition state.

(8) _ —
b— kT qp exp AFEjct _ kyT exp AFEact (EGS)
o) kyT h ky T

In the transition state, the complex has in total 9 degrees of freedom. One degree of freedom
(DOF) corresponds to the imaginary frequency and is in the direction of the reaction coordinate.
This DOF is represented by kaT All other DOFs are vibrational. In the initial state, all DOFs
are of a vibrational nature.

d) The Arrhenius-form activation energy is:

AEAhenius — Ap 4 kT (E.66)

And the corresponding pre-exponential factor becomes:

kyT
Varrhenius = “n e (E67)

e) The important difference between situation (1) and (2) is that in situation the O, fragment
in the transition state has a rotational degree of freedom. Rotational degrees of freedom have
more configurational freedom as compared to vibrational degrees of freedom. Hence, the
transition state of situation (1) is higher in entropy and thus lower in Gibbs free energy (recall
that AG = AH — T'AS) as compared to situation (2). We can thus conclude that the reaction
of situation (1) will proceed faster than situation (2).

Exam Solution E.7 Transition State Theory 2

a) We assume that the initial state is in thermal equilibrium with the transition state. Hence,
we introduce an equilibrium constant K. To determine the rate constant to go from the initial
to the final state, we introduce a crossing frequency  that represents the number of species
that goes to the final state once that species is at the transition state. This requires us to define
another assumption, which states that once a species has crossed the transition state, it will
always go to the final state. (it can of course go back to the initial state, but that is captured in
the rate expression for the backward reaction)

b) The equilibrium constant is given by

_ Qrs
Q1s

K (E.G8)
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¢) The total partition function @ is the product of the molecular partition functions repre-
senting vibrational, rotational and translations degrees of freedom and the electronic partition
function. If we extract the weak vibrational partition function and the electronic partition
function, we can rewrite the above equation to

Q:lts ) q1s,e

K= o weak Qs ais,e’
e

(E.69)

wherein the 1 indicates that we have extracted the partition function corresponding to the
reaction coordinate and we have redefined @ to only consist of molecular degrees of freedom
(i.e. without the electronic partition function). The quotient of the electronic partition
functions can be rewritten using the Boltzmann formula and we can plug in the formula for
the vibrational partition function to obtain

;
hew L G5 xp <_AE“‘> (E.70)

e S act
1—exp (E;f;) Q1s kyT

d) Upon bond-breaking or formation, there exist a transition state wherein the bond is
elongated with respect to the most stable state (i.e. the bonded state). In the transition state,
it is thus expected that the bond is weaker. A weaker bond is represented by a shallower
potential, hence elongation or shortening of the bond will not result in a significant change in
the energy. Hence, the force constant representing the vibrational degree of freedom will be
relatively small, thus rationalizing the assumption to model the transition as a weak vibration.

e)
1
qu = (E71)
—h
1 —exp < kb%llj)
1
N————— (E.72)
—hv
1-1+ ( ka)
kyT
~ (E73)

f) To obtain the general expression for the Eyring equation, the identify v =  needs to be
true in order to cancel out the « in the equation.
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APPENDIX

MKMCXX

Settings

The settings section of the input file offers the option to change a lot of default values. In
Table F.1, the most relevant settings are given. Most settings are to turn certain functions on
or off. Use 0 to turn a feature off and 1 to turn a feature on.

Troubleshooting

If the input file contains an error, MKMCXX will return one of the following error messages.

Terminal output: "The system cannot find the path specified.

Make sure the MKMCXX .exe file is present in the bin folder. Also check if the run.bat
is in the right sub folder.

Terminal output: "Error, could not allocate compound.’

MKMCXX can’t find all compounds specified in the reactions section. Check if all
compounds are listed in the compound section and that there are no mistakes in the
reaction section.

Terminal output: 'No conservation of sites for run X: (Variables)’

Check the elementary reaction steps in the reaction section. Make sure every reaction
step is balanced.

Terminal output: "Caught signal seg 11. You broke MKMCXX!!I’

Check the input data in the run section for mistakes. Also make sure the tolerances are
reasonable, e.g. 1e — 10 and not 1el0.

Terminal output: ’ERROR: RUN (line X): Temperature terminate called after throwing
an instance of 'std::runtime_error.

Make sure that the temperature on the given line is correct en is a real number.

The input file can also be incomplete or contain other problems, as listed below.



212 Appendix F. MKMCXX
Table F.1: Settings for MKMCXX

Keyword Value [ Explanation

TYPE Type run used for the simulation. Default = sequence
run.

PRESSURE # bar Sets the overall pressure for the system.

ORDERS Oor1l Calculate reaction order. Default = 0.

EACT Oorl Calculate apparent activation energy. Default = 0.

DRC Oor1l Calculate degree of rate control. Default = 0.

REACTANTS Compound | Specify reactant for reaction order.

KEYCOMPONENT | Compound | Specify components for Eqpp and DRC.

USETIMESTAMP Oorl Should MKMCXX add a timestamps or not. Default =
1.

MAKEPLOTS Oor1l Should MKMCXX make preliminary plots. Default =
1.

GRAPHDATA Oor1l If MKMCXX does not need to create plots, MKMCXX
can still create the data for the plots. Default =0

GRAPHFILTER Oorl If MKMCXX should remove small value from prelimi-
nary plots. Default = 1

NETWORK Oor1l Should MKMCXX add network graphs. Default = 1.

NETWORK_RATES Oorl Should MKMCXX incorporate forward and backward
rates. Default = 0.

COLORBLIND Oorl MKMCXX can use improved colors to counter color-
blindness. Default = 0.

DEBUG Oor1l Generate more convergence data. Default = 0.

NPAR 1-8 Amount threads of the processor MKMCXX is aloud to
use. Default = 1.

SOLSTOPTIME Oorl The solver is forced to evaluate dydt/jac at t out or al-
lowed to extrapolate backwards. Default = 1.

SOLMAXSTEP 1-00 Amount internal steps solver may take before ¢4, is
reached. Default = 5000.

SOLTESTFAIL 1-00 Maximum amount of error test failures per step are
aloud. Default = 70.

SOLCONVFAIL 1-00 Maximum amount of convergence test failure per step
are aloud. Default = 100.

PRECISION 0- o0 Amount of decimals in the output files. Default = 10

« The simulation runs, but the output shows no production.

Make sure all elementary reaction steps are listed in the reactions sections. Also check
if the chosen reaction network is complete, in other words check if you can fully go
from reactant to product by following your network.

« The simulation runs, but for some temperature one or multiple compounds have not

converged.

Convergence problems can be solved using the following steps.

— First of all, increase the simulation time for the specific run. It is possible that the
system has not achieved steady state yet, and this can be achieved by increasing
the simulation time up until ¢ = 1el2.

— If the simulation time does not solve the problem, try to tighten the tolerances.
Tightening the absolute tolerance up until AbsTol = le — 45 can solve the
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convergence problem. The relevant tolerances can be tightened up until RelTol =
le — 16.

— If the specific temperature is not important for the simulation, try removing it.

— If the specific temperature is important for the simulation, try adjusting the
temperature with a few degrees. This may fix the problem if you happen to be at
a bifurcation point.

« The reaction order is not calculated by MKMCXX.

Check the reactants specified by the reactants in the settings, make sure all the reac-
tants are specified. Also make sure the key components, often products, are correctly
specified.

The apparent activation energy is not calculated by MKMCXX, or not correctly.

If the apparent activation energy is not calculated correctly by MKMCXX, check the
specified compound by the keycompounds in the settings section.

The degree of rate control is not calculated by MKMCXX.

The sum of the degree of rate control should always be one. It is possible to have a
negative degree of rate control. If the sum is not 1, make sure the right elementary
reaction steps are taken into account when calculating the degree of rate control. Also
make sure the right compounds are specified by the keycompounds.

The program MKMCXX offers a debug mode which offers messages in the terminal.
The debug mode produces more data on the relative derivatives (dydt/y) to check for the
convergence. The debug mode is enabled by

Listing F.1: Enabling debug mode.

1 &settings

2

3 # Enable debug mode.
4 DEBUG = 1

w
X
a
z
w
o
o
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