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Abstract

A combination of Temporal Analysis of Products, Temperature Programmed Reduc-
tion, and Density Functional theory techniques have been used to perform kinetic
analysis on data from heterogeneous catalysis experiments. A new method of data
filtering has been developed for Temporal Analysis of Products, and has been ap-
plied to a system of 4 Pt—Mo,C, and the current methodology has been expanded
upon to calculate rate coefficients for the oxidation of CO to CO, via the Boudard
reaction. From the kinetic constants it appears that a phase change occurs in the

material at approximately 200°C.

The current theory for analysing Temperature Programmed Reduction has been
applied in a new methodology which is able to perform the deconvolution of ther-
mograms with high accuracy, while also calculating the kinetic parameters related
to the reduction processes. This new methodology has been applied to a system
of CeO, calcined at 400, 500 and 600°C and the strengths and limitations of the
methodology are explored. From the deconvolution procedure it was found that
there are three distinct reduction processes occurring on the CeO, and that a phase

change occurs between 400 and 500°C.

Finally Density Functional Theory combined with classical dynamics has been
used to explore the mechanism of the hydrogenation of Levulinic Acid to gamma-
Valerolactone over a CuZrO, catalyst. It was found that the Levulinic Acid is more
likely to hydrogenate then cyclise, and from using molecular dynamics simulations

it was shown that the solvent H,O plays a very important role in the cyclisation of



the hydrogenated intermediate.
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1 Introduction

Catalysis is arguably one of the most important advancements in the industrial
process in the modern history. It is often stated that catalysis is involved either
directly or indirectly with over 90% of all chemically produced products,|1| and can
be directly linked to the explosion in the human population since the early 1900’s.|2]
With catalysis being so central to almost all aspects of life it is understandable why

catalytic research has gained such a large following in recent years.
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Figure 1.1: Example of catalytic mechanisms a) Scheme for catalytic hydrogenation
of ethene b) Energy profile for uncatalysed and catalysed process

Catalysis as a whole can be divided into two subsections: heterogeneous catalysis,
where the catalyst is in a separate phase to the reactants, or homogeneous catalysis
where the catalyst is in the same phase. For the purpose of this thesis focus will be
purely on the former. When one thinks about a heterogeneous catalyst the standard
image that comes to mind is of a reactant (or reactants) binding to the surface of
the catalyst, and subsequently undergoing a chemical change to form the desired

products. This gives us the standard expression: A catalyst is a substance that
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icreases the rate of a chemical reaction by providing an alternate route of lower
activation enerqy, without itself being consumed in the process subsequently leading
us to the basic idea of a catalyst as shown in figure [I.I] This idea of a catalyst as
a simple anchoring point for the reaction to occur is outdated, and attempting to
understand the nuances of how a catalyst and the reactant interact with each other
is becoming more popular, (figure this has lead a shift in chemists mindsets

from what catalysts work to how catalysts work.
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Figure 1.2: Number of citations regarding catalytic mechanisms

In order to understand the fine details of how a catalyst works, one of the first
things catalytic chemists will look at is it’s surface structure. This is performed by
a number of standard experiments (e.g. STM, XRD, XANES, XAFS, IR) which we
have no need to discuss in detail in this thesis. By studying the surface structure of
the catalyst they would hope to extrapolate between the initial surface structure of
the catalyst, to the structure after the reaction, and use that information to guess
the catalytic mechanism. By taking only the start and end point of the catalytic
system we can fall into the trap of considering the catalyst as a simple, sometimes
static, image (figure . It is becoming increasingly more apparent that when we
consider a catalyst system we need to think of it as being dynamic, instead of our

static model, 3] but unfortunately attempting to capture that dynamics is difficult.
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There have been some bounds made in in-situ experimental techniques [4, 5| for
studying catalysts but they require specialist equipment, which tends to be very
expensive and not readily available, meaning they are not commonplace. In order
to counteract this we attempt to show in this thesis that actually understanding how
a catalyst works can be performed by gaining more information on the kinetics of
the reaction, instead of trying to directly capture the dynamics of the catalytic

system.

Reaction (or chemical) kinetics is the study of the rate at which chemical pro-
cesses occur. Our understanding of reaction kinetics has changed drastically over
the last century, with the latest iteration being focused mainly on the mathematics
which can be used to describe how chemical reactions occur.|6] It can be assumed
that if one has all of the kinetic information for each of the reaction steps, they can
use that information to fully understand the catalytic system. As kinetics is based
on the rate of change of one substance to another, it means that the dynamics of the
system is preserved. It is this ability to preserve the dynamics of the system that

sets kinetic analysis above other methods when it comes to understanding catalysts.

The most basic method of calculating reaction rates it to measure the change
of concentration of the reactants and products as a function of time. This means
that any experimental method by which you can measure the concentration of a
chemical can be used to calculate kinetics. If one spends enough time studying
the reaction kinetics of a particular system or experiment it is possible to start to
develop a mathematical model to understand - and in some cases simulate - their
results. The problem with using mathematical models is that they tend to be very
complex, meaning that they can be difficult and time consuming to solve, which
results in kinetic analysis being underused. The main aim of this research has been
to streamline this process of performing the kinetic analysis and to try and develop

it further. The particular experiments that we are interested in are Temperature

Programmed Reduction (TPR), and Temporal Analysis of Products (TAP).
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Alongside the kinetic analysis of experimental data, computational simulations
are often used to understand reaction kinetics, as they can be used to model chemical
reactions in a level of detail not possible by current experimental means. In this
thesis the particular reaction of interest has been the hydrogenation of Levulinic
acid to gamma-Valerolactone. The aim has been to model each the intermediate
steps of the reaction, and by using dynamic simulations, attempt to calculate the

most likely pathway for the reaction to occur.

1.1 Temperature Programmed Reduction

Temperature programmed reduction is a very simple experiment which is common-
place in almost all catalytic and chemical laboratories. The setup for the reactor is
very simple (figure and consists of flowing a reducing gas (typically Hy) over
the surface of the catalyst (typically a metal oxide), at a set flow rate, and mea-
suring the uptake of the gas as a function of time by recording the entrance and
exit readings of the reactor. The reactor is heated at a constant rate, and as such
TPR is considered a non-isothermal technique. Due to this linear heating,instead of
plotting the thermogram as a function of time, it is often plotted as a function of

temperature instead.

A TPR experiment can be expressed using the chemical equation [L.I}

n(MO,) + H, — (n-1) (MO,) + MO,_, + H,0 (1.1)

Where n is the number of moles of the metal oxide (MO, ) present in the catalyst
sample. Throughout the TPR thermogram the adsorption of H, will increase as the
temperature is increased. As the reduction process is able to overcome its activation

energy barrier, the adsorption of H, will rise, until it reaches a peak and then



Chapter 1 Kinetic Analysis and Modelling in Heterogeneous Catalysis

|

Oven Catalyst

% Detectors

H:
Y

—1

Figure 1.3: Basic schematic of a TPR experiment.

decays back to the baseline as the material converts from the metal oxide (MO, ) to
it’s metallic or reduced state (MO, ;). A standard TPR thermogram can be seen in
figure [I.4] which shows this rise and fall as a function of temperature.

As the TPR thermogram rises and falls back to the baseline we can assign a variable
« using equation which we define as the degree of reduction. Where T, is the
temperature at which the degree of reduction («) is being measured, T and T}
being the start and final temperatures of the thermogram respectively, and finally

cye being the concentration of hydrogen being absorbed.

Tm
/ CH2 dT
J

Ty
/ CH2 dT
To

Using equation to calculate a for the TPR thermogram one can start applying

a(Ty) = (1.2)

current kinetic analysis.



Chapter 1 Kinetic Analysis and Modelling in Heterogeneous Catalysis

~— 10 K min’
1200 4 —— 15 K min’’

1000 H

Signal / mv
g 8

400

200

-200 T T T T T T T T T T T T T : T 1
300 400 500 600 700 80O 900 1000
Temp / K

Figure 1.4: Thermogram for the reduction of CeO, as a function of temperature at
three heating rates: 5 K min™, 10 K min™, 15 K min™!

The idea for non-isothermal kinetic analysis first originated in the late 1950’s as
a result of the development of various thermal based analytical methods. It was only
then that technology had reached a point where accurate thermal and adsorption
readings could be taken. After the results of these experiments were studied in depth
it was theorised that these temperature programmed thermograms, during which
some process is occurring (be it oxidation, reduction or desorption), contain kinetic
information, and mathematical models were developed to explain these processes.|7-
10] Over the last 40 to 50 years these models have barely changed, with the majority
still in use to this day,[11] but unfortunately their application has been sparse at

best.

The majority of TPR analysis, particularly in catalysis, is rudimentary at best.
If one was to perform a sampling of the current literature they would see that for
the majority of papers which contain temperature programmed experiments they
simply study the location of the peaks and comment on any shifts that occur,|12]
or they look at quantitative data e.g. the quantity of H, absorbed during a TPR
thermogram.|13] When the kinetic analysis is seen in the literature it is often in a

paper which in which the kinetic modelling, rather than the actual catalytic system,
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is the main focus of the paper.[14, [15]The few papers in which the kinetic modelling
has been applied to describe a system can be used to gain deep insight into the
behaviour of a catalyst. One of the model papers for this would be the 2004 paper
by Munteanu et al. In this paper they use the kinetic modelling - in a similar
method as is used in this thesis - in order to describe the influence gold has on the

reduction behaviour of a complex catalyst (Au—V,0;,CeO,).

In the paper they took varying forms of the Au—V,0;/Ce0O,) catalyst and per-
formed a TPR on each sample. They then used the kinetic constants calculated
from the regression algorithm to understand the structure of the surface, and how

the gold influences the reduction behaviour.

The main parameters of the TPR processes characteristic to the samples without gold
Sample Tinax (K) Percentage of Activation energy k Pre-exponential factor Sestak-Berggren
the peak area (k) mol ) (m*mol™'s™") coeffiecients
nt ]
(% (it 22 127.0 0.0 1.8 = 107 0.0 1.33
774 T8 131.2 (0.0 3.0 = 107 0.0 (.66
4 VC 675 13 155.1 0.0 6.0 = 107 0.0 1.0
773 62.6 145.4 (0.0 3.0 = 1Y (0.0 1.33
794 24.4 193.0 0.0 3.0 % 10" 0.0 0.66
8 VC 722 6 140.0 0.0 6.0 % 107 0.0 1.0
807 64 156.3 0.0 6.0 % 107 0.0 1.33
824 30 173.5 0.0 6.0 = 108 (0.0 e
The main parameters of the TPR processes characteristic to the samples with gold, prepared by the DP method
Sample Taias (K Percentage Activation k Pre-exponential Sestak-Berggren
of the peak arca energy (kJmol ') factor (m® mol ' s ") coeffiecients
n "
AC-DP 392 100 71.0 011 6.0 % 107 0.8 0.8
4 VAC-DP a7 6 90,2 0.04 6.0 % 10" 0.7 1.3
392 38 96.9 0.17 4.8 2 10" 0.3 1.3
428 56 827 0.04 6.0 % 107 015 13
3 VAC-DP 399 7 82.7 0.0% 6.0 = 10° 0.5 1.3
416 23 1028 0.28 36 % 10" 0.25 1.3
456 70 806 0.07 0.6 < 10° 007 ;

Figure 1.5: Parameters calculated from regression algorithm taken from

It was found that when gold was included in the sample, the activation energy
was found to be highly dependent on the degree of reduction, this, along with other
parameters, showed that the gold was highly involved in the reduction process,
and that the reduction process starts initially on the grain boundary with the gold
particles, and then spreads out over the catalyst surface. It was also found that the
gold changed the bulk characteristics of the material, facilitating the diffusion of

O atoms though the lattice. The paper shows that the kinetic theory can be used
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to gain deep understanding of the catalyst material, which is invaluable in catalyst

design.

The work outlined in this thesis is involved in attempting to automate the kinetic
analysis of TPR experiments using the methods outlined in the literature. The
kinetic analysis has been programmed into a "front-end" focused software, which is
based around a central graphical user interface named C'CI-TPR shown in figure[I.6]
Alongside automating the current analysis of TPR thermograms a new more robust
methodology for calculating the various kinetic parameters from experimental TPR
data has been developed. Using this new method the accuracy of the calculated
kinetic parameters is increased greatly, meaning that the user can gain a deeper
insight into the surface reduction of their catalytic material. Users can apply this
new information to their catalytic system helping them create more efficient and

better catalysts. With TPR being such a commonplace experiment to perform it
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Figure 1.6: The C'CI-TPR main graphical user interface with overlaying activation
energy subplot

would be in the best interest of catalytic chemists to use these newly developed tools

in order to greatly increase the quality and quantity of their data.
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1.2 Temporal Analysis of Products

Temporal analysis of Products is a more recent tool for gas phase heterogeneous
catalysis. It was first developed by John Gleaves in 1988[17| as an advance on
molecular beam scattering (MBS) experiments (see figure [1.7). Whereas in molec-
ular beam experiments a pulse (or beam) of gas is sent at a single crystal target
and the scattering recorded by a mass spectrometer, the TAP experiment consists
of sending a pulse of gas through a catalyst sample and the flow of gas out the end

of the reactor is detected instead.

Molecular Beam Scattering— MBS experiment

Pulse valve \

Molecular beam

) / / Mass spectrometer
Differentially pumped /
vacuum system TargP

K Scattered beam
P=10°Pa

Temporal Analysis of Products - TAP experiment

(b) Reaction zone

y 9

Mass

Pulse valve spectrometer

. Exit fi
k Complex Materials oW /

Probe molecules sample all surfaces

Figure 1.7: Comparison between MBS and TAP experiments|18|

Unlike TPR, TAP is a highly specialised technique, requiring complex machinery
and a dedicated analyst. Due to this large barrier to entry TAP is a considered a

niche technique, with there being approximately 20 reactors worldwide (figure .

The TAP reactor itself is a highly complicated piece of machinery (figure
which contains multiple moving parts. For the sake of simplicity it is easy to break

the reactor down into the four main components.
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Figure 1.9: TAP reactor schematic a) TAP-3 reactor at Idaho National Laboratory
b) Schematic of a TAP-3 system

First is the ultra-high vacuum chamber, this is backed out using high throughput
vacuum pump such as a turbo molecular pump, or an oil diffusion based pump
down to approximately 10~7 mbar. The second component is the quadrupole mass
spectrometer (QMS), this is housed inside the vacuum chamber and is used to detect

the exit flow of the gas out of the reactor. Sat on top of the vacuum chamber, just

10
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above the QMS;, is the reactor. The reactor is approximately 4 cm in length and it
is where the catalyst is housed. The final component is the pulse valve manifold.
Inside the manifold the pulse valves are housed, and it is these valves which control
the amount of gas entering and exiting the system. The manifold is the only part

of the main system that is not under ultra high vacuum conditions.

Pulse Valve Manifold

Catalyst
Zone
107 b | —————
T mbar || E—_—
Mass
Spectrometer
lonizer

Figure 1.10: Cutaway of the reactor and the pulse valve manifold.

As can be seen in figure the reactor is packed with an inert (usually SiC) and
in the centre is a thin layer of the catalyst. When one performs a TAP experiment
a voltage is sent to one of the pulse valves causing it to retract, then due to the
pressure differential between the gas in the pulse valve and the vacuum chamber the
gas flows from the pulse valve, over the surface of the catalyst, and into the vacuum
chamber to be collected by the QMS. The current is turned off and the pulse retracts
and the reactor is brought back to ultra high vacuum conditions. An example of
a TAP response is shown in figure [[.1TP and as it can be seen in figure [[.11a] the
actual time the valve is open is very small (approximately 300 y s), this means that

the size of the pulse is also very small (approximately 107! moles).
Due to this small pulse size we can state that the each individual pulse will

11



Chapter 1 Kinetic Analysis and Modelling in Heterogeneous Catalysis

0.8 4

1.0}
| 07
I |
0.8 ELE b
= | I
] 0.5
=
T osd | &
= | L o4
] 3 ‘
- 4
& 2 | | 03
024
ol || |
| o1
| e
.04 0.0 | e S Y i
T T i r T T T T
oo 01 2.2 0.0 05 1.0 1.5 20
Time /s Time /s
(a) (b)

Figure 1.11: Standard TAP experimental responses a) Pulse intensity v time for a
TAP pulse b) Exit flow v time for a TAP pulse

not significantly change the structure of the catalyst, meaning that each pulse is a
snapshot of the catalyst at that particular state. This means that we classify TAP
as a transient technique, with one of the major bonuses of TAP being that we can
study structure far from equilibrium. While being able to study structures far from
equilibrium is a novel method, in real life it has little application as almost all major
industrial processes are at steady state conditions (at equilibrium). While for most
reactors this would be a problem, where TAP is able to excel is that by following
a principle coined as Chemical Calculus one can start to induce change in the

catalyst, and eventually study it in its steady state conditions.
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Figure 1.12: Visualisation of the principle behind Chemical Calculus a) Short term
pulse response v time b) Long term pulse response v time

The theory behind Chemical Calculus is that even though an individual pulse

12
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will not change the state of the catalyst significantly, we can state that a long train of
sequential pulses will start to induce change in the catalyst surface. This means that
by performing this sequential pulsing, one can get the catalyst from its initial state
to its equilibrium state, and as we consider each pulse a snapshot of the catalyst, this
means we view the catalyst at every single point during its evolution. By viewing the
catalyst as it evolves, it is possible to capture the dynamics of an evolving catalyst
system which gains invaluable insight into how the material functions. Alongside
watching the catalyst evolve, it is possible to disturb the catalyst by sending a series
of pulses, and then view the catalyst as it relaxes back to its initial state, gaining

insight into how the material functions.

In order to understand how to use these TAP pulse responses, one first needs
to understand the underlying principles of a TAP experiment. Due to the high-
throughput vacuum and small pulse size, the diffusion through the TAP is classified
as Knudsen Diffusion. This special case of diffusion occurs when the length of the
between the particles is considered to be much smaller than the mean free path of

the gas molecules involved, and as such gas-gas interactions are removed.

D=

d; |8RT g 2¢ i (13)
3\ M, Y31 —e) ” ‘

€
t,
Equation [1.3]20] represents the calculation of coefficient of Knudsen Diffusivity and
is represented by D. The other coefficients are the fractional voidage of the reactor
bed €, the particle diameter d,, the molecular weight of the gas M,,, and finally
the bed tortuosity ¢, which describes the "straightness" of the reactor. As can be
seen, for a consistent reactor packed with the same amount of catalyst and inert,
the average speed through the porous media is defined by a Maxwell-Bolztman

distribution at a given temperature 7. The diffusion is defined by the interaction

between the gas and the porous medium rather than the molecule-molecule collision
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frequency, and as such it can be said that the transport of the gas through the
reactor is well defined as seen in figure [I.13a]

— Knudsen Transport
Adserption / Desoprtion

Exit Flow
Exit Flow

0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0
Time /s Time /S

(a) (b)

Figure 1.13: Knudsen exit flow comparisons a) Simulated v experimental Knudsen
exit flow b) Knudsen v adsorption/desorption exit flow

From figure it can be seen that the exit flow purely defined from Knudsen
transport is different to the exit flow of the adsorption/desorption case. In the latter
case, the transport of the species through the reactor is still governed by Knudsen
diffusion, but is also effected by the interaction between the surface of the particles
in the reactor. As long as the reactor is packed with an inert and the catalyst it
can be said that by "removing" the well defined Knudsen diffusion, the exit flow is
related purely to the interaction between the gas and the catalyst. It is using this
principle that the kinetic theory of the TAP reactor experiments was developed.
Spearheaded by the work of Yablonsky|21] an unprecedented amount of detail can

be calculated from the exit flow response curves, [18| including parameters such as:

Reaction rate constants

Activation energies

Surface concentrations

Surface residence times

Deconvolution of complex microkinetic modelling

14
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For the purposes of this thesis the parameters of interest are the reaction rate con-

stants.

When reviewing the current literature on TAP it comes apparent very quickly
that the majority of the work is performed by a small community of approximately
15-20 researchers. This small community is due to the large barrier to entry to join
the TAP community in the high price and specialised nature of the TAP reactor.
The researches working with TAP tend to be broken into two groups, those who are
dedicated to developing the theory behind the analysis of TAP, [21H29| and those

who are most interested in the experimental application of TAP.[30-35|

A good paper which highlights the full capabilities of TAP is the 2008 paper by
Shekhtman et. al.[36] This combines a robust experimental analysis of TAP data
and utilises the more complex kinetic analysis in order to characterise a 2 %Pt/CeO,
catalyst. The paper studies the effect of using various pretreatments (O,, Hy, CO,,
and H,O) by studying the effect on the consumption of CO as it is pulsed over
the catalyst. The experimental procedure was to pretreat the 2 mg of catalyst at

atmospheric pressure using four combinations of gases:

20% O, for 1 hour

20% O, for 1 hour, followed by H, at 300°C for 1 hour, followed by 10% H,O
flow at 300°C for 1 hour.

20% O, for 1 hour, followed by H, at 300°C for 1 hour, followed by 100% CO,
flow at 300°C for 1 hour.

20% O, for 1 hour, followed by H, at 300°C for 1 hour

Then insert the catalyst into the TAP reactor, pump out the reactor until it was
at the correct conditions for Knudsen diffusion ( 107¢ Torr), and then perform the
standard multi pulse experiment using CO. During the experiment the pulse-by-

pulse conversion of CO was recorded as a function of total amount of CO converted.

15
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Figure 1.14: Pulse by pulse conversion of CO v total CO conversion

In figure [I.14] the conversion of CO has been normalised so that all of the pulse
trains end at the same point (considered full reduction of the catalyst surface). By
plotting the data in such a way it can be seen that CO consumption profiles for
catalysts pretreated with an oxidising agent (i.e. O, H,O, CO,) all follow the same
pattern, meaning that each oxidising agent consists of a different starting point on
the general curve shape. The starting points of the curve clearly give insight into
the active sites for oxidation of the catalyst. As O, is the strongest oxidising agent,
followed by H,O, then finally CO,, by studying the difference between their starting
points the number and strength of the active sites on the surface of the 2 %Pt/CeO,
catalyst can be estimated. Alone this information is very useful for understanding
a catalyst but the next step was to use kinetic modelling to calculate an apparent

transformation constant for CO.

Figure [I.I5] clearly shows a change in the transformation constant, which is a
term used to describe an apparent rate constant for conversion, as a function of CO
consumed (and hence the number of active sites left on the catalyst), therefore it
can be stated there are two different types of active sites present. The initial high

activity sites, followed by low activity sites. By repeating the experiment at multiple
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Figure 1.15: Apparent transformation constant for CO v total CO conversion

temperatures an Arrhenius plot can be generated, giving the activation energy of

each of the catalytic sites [L.16]
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Figure 1.16: CO oxidation experiment repeated at three temperatures, with over-
laying activation energies

From the paper it can be concluded that by using the TAP reactor a large
amount of useful kinetic information can be gathered on a catalyst by using the
kinetic analysis outlined in the literature. The major issue for TAP is that there is
no simple way of performing this analysis and it is usually done by hand, meaning

it is very time consuming. One of the major projects of this thesis has been to
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automate this kinetic analysis by implementing it into a user-friendly graphical user
interface called CCI-TAP. By using the combination of the TAP reactor and the
CCI-TAP software gathering this detailed kinetic information can be performed

rapidly and with little to no knowledge of the underlying kinetics.

Although TAP has been around for almost 30 years, it is still considered to be an
emerging technique. This is in part due to the small TAP community and also the
huge barrier to entry when it comes to TAP, both in working with the reactor and
understanding the theory. By creating the CCI-TAP software, and by developing a
new streamlined experimental methodology for TAP data analysis, it is hoped that
at least one of those barriers can be lowered making TAP a more accessible resource

for catalytic research.

1.3 Hydrogenation of Levulinic Acid

The final section of this thesis is devoted to work which was performed as part of a
larger European Union (EU) project titled NOVACAM, which stands for: Nowvel and
Cheap Abundant Materials for catalytic biomass conversion. The aim of the NOVA-
CAM project was to find catalysts which use materials which had been defined as
"unsustainable" by the EU[37| (figure and attempting to recreate their reac-
tivity and selectivity using sustainable analogues. Biomass conversion was the main
goal of the NOVACAM project, with three subsections, Chemocatalytic Glycolysis,

Aqueous Phase Reforming, and The Valeric Platform.

The goal of the Valeric Platform was the convert cellulose to v-Valerolactone
(gVL), and the particular reaction of interest for this work was the hydrogenation
of of Levulinic Acid (LA) to gVL, shown in figure [[.1§ This reaction was chosen
as LA is a readily available byproduct from various cellulose processing techniques
[38, 139], and gVL was chosen as a target molecule as it has it’s uses as a food and

fuel additive, and as also a potential green solvent. |40} 41]
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Figure 1.17: Periodic table with "unsustainable" elements highlighted in red.
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Figure 1.18: Skeletal structures for Levulinic Acid and ~-Valerolactone

The literature surrounding biomass conversion as a whole is rich with systems
with supported metal catalysts suspended in an aqueous solution ((e.g. H,0)[42
47| which are shown to be highly active for the reforming of biomass, but the cost
of these bio-derived molecules is held high due to the large cost of the metals used
in these catalysts. When it comes to the conversion of LA to gVL there is a long
history of using supported metal catalysts, with papers from the 1930’8 and the
1940’s[49] presenting high levels of conversion and selectivity using platinum ox-
ide and chromium-copper based catalysts respectively, although under undesirable
conditions. In more recent times other metals have been studied such as Ru,
Pt, and Re, but these all carry the same trend of using expensive unsustain-
able metals. Eventually it was shown that using Cu, a more sustainable metal, it

was possible to perform the hydrogenation reaction. The two systems presented
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were Cu—Z7r0O, and Cu—ALO,, and the reaction was performed in both water and

methanol, using LA and the methylated form of LA, Methyl Levulinate (ML).

Selectivity, %

Catalysts Substrate Solvent Conversion, % GVL Me-LA 4-hydroxy Me-LA Metal leaching ( ppm)
Cu—£r(h Levulinie acid Water 100 999 (X411 0.01 34

Levulinic acid Methanol 100 o0 2 # 2

Methyl levulinate Methanol 95 92 SM 8 ND

Methyl levulinate” Methanol 81 79 M 21 ND

Levulinic acid Water 100 =099 0.01 0.01 174
Cu-ALO, Levulinie acid Methanol 100 86 4 10 il

Methy! levulinate Methanol 93 88 SM 12 ND
4 Reaction conditions: LA, MeLA. (5% w/w); temperature, 473 K; H, pressure, 500 psi; catalyst 0.5 g; reaction time. 5 h. " Reaction conditions:
methyl LA, (20% wiw); temperature, 473 K: H pressure, S00 psi; catalyst, 0.5 g reaction time, 3 h.

Figure 1.19: Table for conversion of LA and ML to gVL in both methanol and water
taken from [53|

Figure [I[.19]shows that when the reaction is performed in water at 200°C and at
35 bar, the selectivity to gVL is almost 100%, and after 5 hours the conversion also
reached 100%, when the reaction was repeated in methanol, the selectivity dropped
as there was conversion from LA to ML, and other side products were seen. It was
also seen that when the reaction was performed in water there was a high level of
leaching of the Cu metal from the catalyst, which is undesirable. The conversion of
the ML in methanol was found to be lower than the LA, but with a slightly higher
selectivity, the main benefit to performing the reaction in methanol was the the level

of leeching was massively reduced.

A reaction scheme was also proposed (figure , with the LA in water being
hydrogenated and then cyclises by means of loss of water to form the gVL, and
when in methanol a transestrification step occurs, forming the ML, which then is
hydrogenated and cyclises by means of loss of methanol. The Cu—ZrO, catalyst
discussed in the paper formed the basis on which the catalyst that was analysed
as part of this thesis was developed. In order to understand the catalyst and the
reaction mechanism, a computational studied was performed simultaneously with

the design of the catalyst material.
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Figure 1.20: Catalytic hydrogenation of LA in presence of water and methanol taken
from [53]

1.3.1 Computational studies of biomass derived molecules

Computational simulations are often used for understanding the conversion of biomass,
and biomass derived molecules. There are a number of possible methods and tech-
niques available in computational chemistry that can be applied to bio molecule
systems, and they have been outlined in the subsequent chapter. This section is
dedicated to outlining the techniques currently used in the analysis of biomass de-

rived molecular systems, and their benefits and shortfalls.

The first method discussed is the most simple and therefore commonly used
method of analysing reactions and reaction pathways - simple gas-phase calculations.
This is when specific molecular structures are optimised using the desired level
of theory, and the energies reported. To perform this analysis, first a system is
selected, and a desired property outlined, for example calculating the barriers to the
dehydration of glycerol.[54] Using a combination of experimental data (e.g. mass
spectrometry), transition state searching tools, and estimation a reaction mechanism

can be developed.
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1 o s 3 8 9
HO\/(Q - HO\AH} - HO\.)J\ m—H — ([J“,U—i[ —= CHy0 + CH=CHOH + H,O
H
s 10 i 3 12

Figure 1.21: Proposed reaction pathways for reaction of neutral glycerol taken from

[54]
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Figure 1.22: Potential energy plot for the reaction of neutral glycerol taken from
[54]

Once the various molecules involved in the reaction mechanism have been set up,
the structure is optimised and the energy, in this particular case using the Gaussian
03 code with a B3LYP/6-311G-(d,p) basis set. This allows a reaction profile (figure
to be developed. This reaction profile can be then be used to understand the

energetics of the reaction and is very useful in understanding which pathway is more

likely.
While this method can be very useful, in particular when performing gas phase
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reactions, it can be found that when the reaction is performed in an aqueous medium

these calculations fall short.

One example of how these reactions fall short is when the energies of the various
isomers of a- and (3-D-glucopyranose and 1,5-anhydro-D-gluticol were calculated[55].
In this particular case, the structures various isomers were known and their propor-
tions when found in solution were known from experiments, and the theory was used

to try and understand why these proportions occur.

o] \\\\\\OH HO,, i, O ‘\\\.‘\\\ .
K I W (o)

HO

W gy
HOW “Ion HO

OH OH

Figure 1.23: Skeletal structures of a- (left) and - (right) D-glucopyranose

The calculations were preformed using the Parallel Quantum Solutions software,
using a B3LYP/6-314+G basis set. The various structures were optimised and the
free energies of each of the conformations were calculated at T = 298 K. Using
the ratio of the free energies, the expected ratio of a to [ isomers was calculated.
It was found that the predicted ratio of the o to 8 conformations was 63 : 37,
whereas the experimental value was found to be 36 : 64. This drastic shift in the
calculated and experimental values indicated that there were major problems with
the model used to simulate the isomers. As these calculations were performed on
gas phase molecules, and the experimental measurements were performed in the
aqueous phase, it became clear that the interactions with the solvent (in this case
water) were having a large effect on the energies of these isomers, and therefore the
gas phase calculations (which contain no solvent interaction) are not an accurate

representation of the system.

In order to counteract the errors relating to the interaction with the solvent,
there are two main methods that can be undertaken, the first is to apply an implicit

solvation model, in which the molecule is placed in a homogeneous polarisable con-
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tinuum, the second is an explicit solvation model, in which the solvent is explicitly
modelled as part of the simulation. Both methods have been shown to accurately
recreate experimental systems It is generally considered that a full explicit solva-
tion model is the best analogue for the real experimental system, but as the number
of atoms in the simulation is greatly increased, and as it often requires molecular
dynamics, this can lead to a drastic increase in computational cost. The implicit
solvation model is a good compromise for including the effect of solvation of the sys-
tem, but the accuracy of the system is heavily based on the accuracy of the solvation

model, which can someones be difficult to get correct.

S-gt-vill
pgt-vil o _ [i-gt-1X

‘?_l_ﬁg

174

Figure 1.24: Microsolvation of a- (left) and (- (right) D-glucopyranose, taken from

[57]

Regarding the isomers of a-and [-D-glucopyranose a further paper was pub-
lished in which the solvent effects were accounted for using an explicit solvation
model. The explicit solvation model used in the paper is more accurately described
as a microsolvation model, as the full solvent has not been modelled, only a small
contingency of 5 water molecules (figure . For systems where only the first
order interactions with the solvent are important this is often accurate enough to
replicate experimental results, and it was found in this paper that instead of the 63
: 37 ratio of a to 8 seen with the gas phase molecules, the in the presence of water

was 32 : 68, recreating the experimentally calculated ratio of 36 : 64.

While full system replication (explicit solvent, catalyst surface, reactant), is
the end goal of computational simulations, unfortunately computing power has not
reached a point at which it is viable for anything other than the simplest of sys-

tems. Therefore usually a combination of gas phase and liquid phase calculations
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are performed.

1.3.2 Modelling the LA system

There have been a few studies on understanding the mechanism for LA to gVL
conversion, but the basis for this work was a paper which studied the influence of
water on the hydrogenation reaction of LA to gVL over a Ru catalyst[58|. Similar
to the paper which studied the gluycopyranose, a microsolvation model was used for
modelling the interactions with the solvent, as it was stated that an implicit model
does not grasp the effect of hydrogen bonding well. In order to model the reaction,
acetone was used as an analogue for the LA as it was more simple to work with, and
it was found that they had similar trends on metal and solvent changes. In order
to include the interaction with the Ru metal, a slab of Ru(0001) was used as an

analogue of the metal surface.
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Figure 1.25: Reaction paths in eV for the hydrogenation of acetone on Ru(0001) in
the absence (left) and in the presence of a water molecule (right). Alkyl path is the
dashed line, and alkoxy path is the solid like. Taken from [58]

In order to gauge the efficiency of the catalyst, the energetic span J ' was used
as a comparison. The energetic span is defined as the difference in energy between

the transition state (TDTS) and reaction intermediate (TDI):

OF = Erprs — Erpr : If TDTS appears after 1
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OF = Erprs — Erpr + AG, : If TDTS appears before TDI
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Figure 1.26: Two different methods of calculating the d E taken from [58]

It was found in figure that when there was no water present, the alkyl route

was more favourable with an energetic span of 1.37eV, but when water was included

in the model, the alkoxy route became more favourable with an energetic span of
0.99eV. This demonstrates that in this particular reaction that including water has
a drastic effect on the calculated reaction mechanism. It was also stated that when
the solvation model was increased in complexity to include 3 water molecules, and
then 11 water molecules energetic span was unchanged (0.99¢V for 1 water molecule,

1.03eV for 11 water molecules). Afterwards their technique was repeated using a

number of different metals (see figure [1.27) and it was found that Cu would also be
highly active for this reaction, with a energetic span of 0.87eV.

Using the information gathered on the literature relating to modelling of aqueous

systems, it was found that for the system being studied as part of this thesis (LA

to gVL using Cu—Zr0O,) the inclusion of the solvent molecules in any model would
be very important.
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Figure 1.27: Energetic spans for various metals for the hydrogenation of acetone
taken from [58|
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2 Methodology

In this section the programming environment in which all of the analysis software was
built will be discussed, then the underlying theory behind Temperature Programmed
and Temporal Analysis of Products reactions, and an explanation of the basics
of Density Functional Theory will follow. These three topics will be essential for

understanding the further work being discussed in this thesis.

2.1 MATLAB Programming Environment

In order to develop software for data analysis, the first, and sometimes most diffi-
cult choice, is to decide which programming language to use, and for this project the
multi-paradigm numerical computing environment MATLAB|1| was chosen. MAT-
LAB is considered to be a high level programming language, which means that there
is a large degree of abstraction away from the internal computing code. This means
that the language is much more user friendly, providing many benefits to using
MATLAB over other more common programming environments (e.g. Python, C,
FORTRAN). Alongside the standard MATLAB package a number extra toolboxes

were used throughout the code.

e Global Optimisation

e Curve Fitting
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e Signal Analysis

e Optimisation

e Application Compiler

The MATLAB code is built around the MATLAB scripting language. It is highly

interactive, meaning it is very easy to perform simple mathematics for example:

>> x = 3;
>> y = 4;
>> X + y

would output:

ans —

where MATLAB really excels is in its handling of vectors and matrices, through

simple commands it is easy to generate a matrix of elements and quickly perform

any function on that matrix:

>> A =16 3 2 13; 5 10 11 8; 9 6 7 12; 4 15 14 1]

A —
16
5
9
4
>> sqrt (A)
ans =
4.0000
2.2361
3.0000
2.0000

Finally the data which has been generated can be easily saved to a structure.

1.7321
3.1623
2.4495
3.8730

13

12

1.4142
3.3166
2.6458
3.7417

1 >> sStructData = struct (...

)

"peak’ ,peak , ...
"data’ ,data , ...
"time ' ,time , ...

3.6056
2.8284
3.4641
1.0000
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"peakno’ ,peakno , ...

“tpulse’ ,tpulse ,...

“delay ’ ,delay , ...

‘number ’ ,number , ...
‘averagepeak ' averagepeak ;...
"timesingle ’ ,timesingle , ...
MWV MW, . ..

TT);

>> sStructData MW

;o allsS —

40

Using these methods, it is very simple to generate functions and pass around vari-
ables, the code below provides an example of solving a differential equation numer-
ically, and how a function is structured. The actual use of the function will be
discussed further on in this thesis in section 2.2.

function [F,alphTPR] = TPR_function(A,Ea,m,n,g,Temp, beta)

% Creates time variable

betas = beta /60;
T = Temp;

5 [ = Temp./ betas;

% Fist alpha value cannot be 0 to avoid NaN
alphTPR = zeros (1,length(T));

F = zeros (1,length(T));

alphTPR (1) = 0.00001;

dt — diff(t);

% Calculates alpha numerically

5 for 1 = 2:length(T)

% Include Ea correction

Eag = (Eax(1+alphTPR(i—1)%g));

% Performs calculation using SB equation

alphTPR (i) = alphTPR(i—1)+((A)*xexp(—Eag/(8.314xT(i)))*...
((alphTPR(i—1)"m)*((1—alphTPR(i—1))"n))xdt(i—1));

if alphTPR(i) >= 0.99999
alphTPR (i:end) = 1;
break

end

5 end

% Calculates dalpha by dt
F(2:end) = diff (alphTPR)./ diff (T);
end
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It is this ability to quickly write code in a simple and human readable manner which
facilitated the development of the algorithms required for analysis of TPR and TAP

experiments.

2.1.1 Generation of a Graphical User Interface in MATLAB

For the software to have a larger impact there was a shift to a more "front-end"
focused development. This means that the mathematics is hidden away from the
user, and the majority of it is performed by simple button presses on a GUI. The
reasoning behind this was that then anyone, with any level of knowledge in kinetic
modelling could pick up the software and perform their kinetic analysis with ease. To
facilitate the creation of this front-end focused GUI the MATLAB, Graphical User
Interface Development Environment (GUIDE) was used. GUIDE is a tool used
to design user interfaces for custom applications, it provides a graphical editor for
creating a GUI as seen in figure 2.T], and then automatically generates the required
MATLAB code for constructing the user interface. Once the interface has been
created it is simple to slot in the required functions for the various interactive sections

of the user interface.

The graphical user interface designed by GUIDE is used as the heart of the
software. It is the space where all of the variables and structures are stored for
use in the primary and secondary functions. The flow between the central GUI
and the various functions is outlined in figure 2.2 Once the interface has been set
up properly and the functions finalised, it is them compiled using the Application
compiler toolbox in MATLAB. The compiled software is then distributed to the
experimental groups, allowing them to drastically increase the quality of their own

research by performing the kinetic analysis outlined in the next sections.
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Figure 2.1: The GUIDE layout editor
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Figure 2.2: Flow of variables in CCI-TPR and CCI-TAP

2.1.2 Regression Analysis in MATLAB

When performing the kinetic modelling of TPR experiments, it is quite common
to use a regression method in order to calculate the various kinetic parameters. In

order to facilitate this a number of scripts were implemented into the CCI-TAP and
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CCI-TPR programs. These scripts work by first setting up the variables, then using
pre-built functions in the MATLAB global optimisation and optimisation toolboxes
in order to vary the kinetic parameters until a minimum, as defined by some function,

is reached.

To calculate the minima where the simulated and experimental responses over-

lapped, a sum of vectors method was used:

zﬁ = ‘\/($e$p — Tsim)? + (Yeap — Ysim)? (2.1)

in which z is the value of the simulated and experimental parameters on the = axis
(i.e. time and temperature), and y is the simulated variable (e.g. TAP exit flow).
The magnitude of the vectors is then summed over the total number of elements in

the simulated and experimental arrays:

S=>" AB, (2.2)

where n is the is an index for the element in the array AB, and S is the sum of the
array, and is the variable to be minimised by the function. To minimise the variable
S the pre-built MATLAB fmincon is used. The function fmincon is a nonlinear
constrained multi-variable function solver, this means it can take an input matrix of
variables, and it will vary them within some pre-defined constraints in order minimise
the value of S. The algorithm used to minimise the value of S is called an Interior
Point Algorithm as described in [2]. While fmincon is a very quick algorithm for
performing minimisation of a function, it is not a global solver, this means it can
easily fall into the trap of a local minima, giving results which may not truly reflect
the kinetics of the experimental response. To counteract this a global optimisation
algorithm|3| using the GlobalSearch is wrapped around the fmincon function, to
ensure that a global solution has been reached. The GlobalSearch algorithm works

by first running the fmincon function using the intial input parameters. Once a
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minimum has been reached, it uses a scatter search algorithm|4] in order to generate
a number of trial points within the bounds set in the initial fmincon function.
The GlobalSearch function then evaluates the function value at each of the trial
points, and then takes the function with the best scores and re-runs fmincon at that
specific point, and then removes those generated points from the algorithm. Once
the fmincon function converges using the trial point a vector is generated between
the two function values (for the initial guess and the trial guess), it then uses this
vector in order to decide whether or not the function is in a local or global minima.
This cycle is then repeated until the conditions for a global minima are set. An

example of how to setup the global optimisation search is shown below.

for i = 1l:numvars
% Creates input variables matrix
vars (i,:) — [A(i),Ea(i),m(i),n(i),g(i),p(i)];
% Creates lower and upper bounds matrices
ILB(i,:) = [0.0,02,0,0.3,0.0,0.0];
UB(i,:) = [3.5,12,1,3.0,0.5,1.0];

s end

% Defines the problems structure for use in GlobaSearch
problem = createOptimProblem (’fmincon’ ,...
"objective ' ,@(vars) SumSquareEa(vars ,AA(1,:),TT,Temp,GF,B) ,...
'x0’ ,vars, '1b’ LB, ’ub’ JUB, ’Aeq’ ,[], ’Aineq’ ,[], ’beq’ ,[], *bineq’ ,[],...
‘options’ ...
optimoptions (@fmincon, 'Display ’, "iter ’, "MaxIter > ,;500));

7 % Creates the GlobalSearch object
gs = GlobalSearch (’Display’,  iter ’);

20 % Runs the GlobalSearch object using the parameters defined using problem

[variables ,”] = run(gs,problem );

2.2 Temperature Programmed Reactions

A temperature programmed reaction is considered to be any experiment during
which the temperature is controlled by some external factor and monitored as a

function of the reaction. The particular experiment of interest in this thesis is
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Temperature Programmed Reduction. During a TPR experiment the temperature
is heated at a linear heating rate and a reducing gas is flowed over the surface of the
material of interest as outlined in section 1.1. This section will be used to outline
the underlying theory behind TPR experiments, and how it can be used to help

explain the kinetics of complex reduction reactions.

2.2.1 Basics of Temperature Programmed Experiments

Kinetics is defined as the measurement of the rate of change of a process. In TPR

experiments this is defined using:

do

5 = M) fla) M(P) (2.3)

Equation relates the rate of change of the degree of conversion, «, as a function
of time ¢. The degree of conversion is a dimensionless variable which ranges from 0
to 1 and is defined as degree of the process being measured (with 0 being before it
has started and 1 being at the end). The rate of change of o as a function of ¢ is
related to three functions: k(7") which is some function of Temperature, f(«) which
is some function of degree of reduction, and finally h(P) which is a function of the
pressure of the reducing gas. In order to simplify the model the majority of kinetic
of analysis of TPR experiments removes the effect of pressure (h(P)). As pressure
is considered to be a function of surface coverage of the gas, and as the reducing gas
is in excess it can be removed from the equation, although there have been some
attempts at including it[5-7]. By removing the effect of pressure this leaves just two

variables T and « giving

— = k(T) f(a) (2.4)
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do
The first function of interest is k(7'), and it is considered that o has an Arrhenius

dependence on temperature for TPR experiments:

Mﬂ:Aem<;?> (2.5)

where F, is the activation energy of the process, R is the universal gas constant,
and T is the temperature. By combining equation [2.4 and equation we end up

with:

do -F,
i A exp ( RT) f(a) (2.6)

which is the kinetic equation used to describe TPR thermograms. In TPR experi-
ments the sample is heated at a linear rate, instead of considering « as a function of
time, it is considered as a function of temperature instead by including the heating

rate which is defined using the variable 5:

p=2 2.7

this can then be combined with equation [2.3] to give
dov _ 3 dov _ A -F, 53
=0 p=Aen| o) fle) (2.8)

and it is using this form of the kinetic equation that the TPR analysis is performed,

as the majority of experimental data is reported as function of temperature.
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2.2.2 The Kinetic Model

The effect on the rate of degree of reduction as a function of temperature has been
outlined, and the next step is to try and understand the function f(«). We define this
as the kinetic model and it is used to describe how the reduction rate is influenced
by the degree of reduction. There are multiple methods by which materials can
reduce, and figure gives a visual representation of these methods, for example
3D interface shrinkage in which the reduced material envelops the oxidised material

forming a spherical outer layer.

Introduction of Ratio
| Homogeniety I Heterogenie

of Interface/Volume

Defined by Defined by
Concentration ¢ Fractional Conversion a
(f(c)=reaction order) (f(a)=kinetic model function)
] dc
1 —=kflc
| & f(c)

1|Introduction of

8| (Nucleation Rate Introduction of
. Reaction Geometry
Introduction of
Introduction of Shrinkage Dimension
Growth Dimension
(VA1) {iy 3D

Figure 2.3: Hypothetical reduction mechanisms, taken from [8]

By understanding these different processes of reduction, one can then attempt

to model it as a function of o, which gives us multiple reaction models as shown in

table 2.1

These reaction models can be broken down into three basic types: /accelerating,
decelerating and autocatalytic (sigmoidal), and are separated by comparing the
dependence of a as a function of ¢ or T'. The first type of model, accelerating, is

characterised by a process in which 4e/4 increases as a function of o and reaches

42



Chapter 2 Kinetic Analysis and Modelling in Heterogeneous Catalysis

Table 2.1: Different models used for describing solid state reactions with correspond-
ing kinetic models

Reaction Model fla)

Random Nucleation (1—-a)

Generalised n'" order (1—a)"

Generalised Avrami-Erofeyev n(l—a) (—In(l — ))m-b/n
Contracting Area (1—a)l/?

Contracting Volume (1—a)'/3

One dimensional diffusion /2

Two dimensional diffusion —In(l —a)—1

Generalised Sestak Berggren a™ (1—a)” [-In(1 —a)]”

a maximum when o = 0. The second model, decelerating, is considered to be the
opposite of the first, during which 4/4: decreases as a function of o with a maximum
at a = 1. The final model, autocatalytic, is when @/a reaches a maximum at
0 < a < 1. The problem with the majority of these models is that they are
derived from first principles, and tend to only work for a single type of reaction
mechanism. This means that if you would like to try and perform a curve fitting to
some experimental data, you would first need to assign a reaction mechanism to your
kinetic model. In order to perform a curve fitting without any prior knowledge of
the kinetic model it is possible to use a generalised model, such as the one developed

by Sestak and Berggren. 9]

a™ (1—a)" [-In(1 - ) (2.9)

By varying the parameters m, n, and p it is possible to perform a fit to almost all
reaction model types, encompassing the accelerating, decelerating and autocatalytic
reduction mechanisms. The majority of the time the Sestak Berggren is used in its

truncated form with p = 0 giving:

a™ (1—a) (2.10)

In this form the Sestak Berggren takes on an autocatalytic shape, but it is possible
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to recreate similar shapes to the accelerating reaction type by setting n = 0, and
decelerating by setting m = 0. By using a generalised model this gives more freedom
when performing the regression analysis as a pre-selected mechanism does not need
to be enforced, but the drawback is that by being a general model there is no real

meaning to the kinetic parameters.

2.2.3 The Arrhenius Parameters

Alongside f(«) there are two extra parameters in the kinetic equation (2.8) A and
E,. One of the first relationships noted when studying the Arrhenius parameters is
that A and E, are mutually correlated. This correlation arises by first taking the

integral form of equation [2.§

* da A [T -,
gla) = i m: B/o exp ( RT) dT (2.11)

and then also differentiating equation with respect to time|10]:

d*a

s

Tr(z) fl@) g(a) [f'(@) g(a) + zm(x)] (2.12)

dt?

where z is Fo/rT and 7(z) is the Arrhenius temperature integral:

m(x) = /0 exp (;%?(L) ar (2.13)

If we set equation to zero then we can find the equation representing the peak

of the reduction curve:

— fap)g(ay) = zpm(zy) (2.14)

With subscript p indicating that it is the value at the peak of the reduction curve.
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From substitution of equation [2.11] into equation [2.14] we end up with:

—F, BRxz?

— f'(ay) A exp ( RTpp) = Eap (2.15)

which can then be simplified into its logarithmic form:
In(A) =a+ bE, (2.16)

with:

1 —pBx,
b=— =1 2.17
r;, " Tpf’(a)] 317

Equation [2.16] clearly shows that any shift in the activation energy E, can be ac-
counted for by a shift in the value of A. Therefore that if one wants to perform a
regression analysis on a single TPR thermogram it is almost impossible to separate
the values of A and E,, another method is required for calculating the Arrhenius pa-
rameters correctly. The first step to trying to deconvolute the Arrhenius parameters
is to understand the ideas behind the isoconversional principle. The isoconversional
principle states that the reaction rate at a constant degree of conversion is purely a
function of the temperature. This is demonstrated by taking the logarithmic form

of the derivative of equation [2.4]

5 In(de /ar)
5T

SInk(T)
6T-1

dln f(a)

or—1

(2.18)

- « «

where the subscript « indicates that the values are taken at a constant degree of
conversion. As « is constant, the second term in equation [2.18]is considered to be

zero. This then gives
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5 In(do /)
5T

dInk(T)
0Tt

(2.19)

« o

It can be seen from equation that the temperature dependence of the rate of
conversion under isoconversional conditions can be used to calculate the activation
energy without any prior knowledge of the kinetic model f(a). Although there
is no kinetic model involved in the direct calculation of the activation energy, the
results are still a function of the kinetic model which is encapsulated by the de/ir
function, meaning that for the isoconversional method to be valid the experimental
thermogram must follow some kinetic model. To get the dependence of the rate of
conversion as a function of temperature the most simple method is to perform the
reduction reaction at multiple heating rates (). By using a combination of at least
3 heating rates, the linear relationship between rate of conversion and temperature

can be exploited to calculate the activation energy.

The applications of the isoconversional method to calculate activation energy can
be split into two categories: integral and differential methods. The integral based
methods use equation and then applies the isoconversional principle. Equation
[2.11] does not have an analytical solution, this means that a number of approx-
imations need to be made in order to evaluate the temperature integral in [2.11]
The general idea for the integral methods is based on the Kissinger-Akihara-Sunose

(KAS) method [11] in which they split equation by separation of variables.

[ da A T -E, _ AE, [* exp(—x)
g(a) = @) ﬁ/o exp(RT>dT— BR/ o dz (2.20)

T

It is stated that as long as one assumes that x >> 1 then the right most integral

can be approximated|12] using:

~ exp(—a) . exp(—a)
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From application of equation [2.2]] into [2.20] and taking the logarithm this obtains:

o (2} o (22 2.22
nT_f_nR—I_nﬁ_xa_x (2.22)

then as long as « is kept constant then equation [2.22] can be expressed as:

] g —CE““ D 2.2
DT—O{S—— RTa+ (3)

with B, C, and D being various constants which come from the various derivations

of the temperature integral in equation [2.21] and assumptions of the kinetic model
f(a). The two approximations most commonly used are the Flynn-Wall-Ozawa
[13] and the Kissinger [14], which use the values B = 0, C' = 1.052, and B = 2
and C = 1 respectively. In order to calculate the activation energy, a linear plot
of In7% /s v 1/1,C will give a gradient of F«/r, when performed at isoconversional
conditions. Alongside the linear integral methods it is also possible to apply a
nonlinear approach developed by Vyazovkin et. al|15], which is considered to be
more accurate than the previous linear methods. Using the integral kinetic equation

(2.11)) it can be assumed from the isoconversional principle that:

Al = é’ﬂ' T = = ﬁ’ﬂ' X
5, ) = e = () (2.24)

in which the subscript value for n indicates reactions run at different heating rates.

It then follows that as long as equation [2.24] is true that:

—~ Bﬂ(%)_nn_
ZZ@W(%)_ (n—1) (2.25)

i=1 j#i
where ¢ and j = 1...n with n being the number of thermograms performed at different

heating rates. If one has the correct values for T, and E,, used in the function 7(x)

(equation [2.13)) at isoconversional conditions then from rearrangement of equation
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[2.25] we should get the relationship:

nin-1)-33%" ?Z((j; s (2.26)
i=1 j#i

J

where @ is expected to be zero, but will usually have a small finite value. If the
activation energy is not known, then by recording the experimental values for T,, and
varying the value of F,, until a minimum value of ® is reached one can calculate the
activation energy of the reduction process. A minimum value of ® is used instead of
zero as quite often there are some experimental errors in the recorded thermogram
(usually from the reading of T), but as long as ¢ is at a minimum value it can be
assumed that the calculated FE,, is an accurate representation of the real E,,. Now
as it can be expected, if there is a complex thermogram with multiple reduction
processes occurring, the value of E, will change as a function of degree of reduction.

To counteract this the integral m(z) from equation is calculated in steps of da.

7(z4) :/ ) exp <_RE;C¥> T (2.27)

When it comes to minimising the value of ® using equation [2.26] calculating the

integral in equation [2.27] is computationally expensive, and as such the common

method is to approximate the integral using a 4" order polynomial.

(2.28)

exp(—zq) ( z3 + 1822 + 86z, + 96 )
T(Ta) =

o, x4 + 2023 + 12022 + 240z, + 120

Equation was developed by Senum and Yang|16|, and is known as the Senum
Yang approximation. It has been shown that this polynomial predicts the integral
equation with a very high degree of accuracy, even at low values of z|17|, and
although there are higher degree polynomials available the increase in accuracy is
negligible. When equation [2.28]is used in the minimisation of ® from equation [2.26

there is a drastic increase in computation speed which increases the viability of the
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nonlinear Vyazovkin method, and as the method is considered to be more accurate
than the previous linear methods it is considered to be the gold standard for integral

based activation energy calculation methods.

The second method for calculating the activation energy is the differential method,
with the most popular differential method being that of Friedman. |18] The Fried-

man method takes the direct logarithm of the kinetic equation [2.§ giving:

= In[f(a) Ad] — ( }fT ) (2.29)

by performing a linear plot, similar to the kind mentioned in the integral methods,
one can calculate the activation energy at each degree of reduction. The main ben-
efit of using a differential method over a integral method is that no assumptions are
made when performing the calculation of E,, and as such the value of F,, that is
calculated is considered to be the real value. The reason why integral methods are
still used in conjunction with differential methods is that the differential methods
are highly sensitive to any experimental error in the recording of the temperature
programmed experiment, as they use the value of d@/ar. In the majority of temper-
ature programmed experiments this is not directly recorded in the experiment and
needs to be calculated manually in the post experimental analysis, during which the
numerical differentiation introduces noise. Alongside the numerical differentiation
errors there is also the problem of determining the baseline. It is quite common in
experimental data for the baseline to not be well defined which means the selec-
tion of baseline correction tools has a large effect on the value of F,,. In order to
counteract this it is possible to employ noise correction algorithms to attempt to
smooth out any noise generated in the de/ar curve, but then it can become possible
to see activation energy as a function of the noise correction function rather than

the actual real processes occurring.

In practice it is the best methodology to use a combination of analysis methods
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(integral, differential, linear, and nonlinear) in order to calculate the activation
energy. While the results will most likely not overlap with each other, if the values
are within a small range it would indicate that the calculated values for activation
energy are a good estimate. It is also important to use integral alongside differential
methods. As differential methods include the effect of the kinetic model through
the do/ar term it is important to study this effect, but as mentioned previously they
are highly sensitive to noise, so using an integral method such as the Vyazovkin’s
nonlinear approach combined with the differential method will validate that the
calculate activation energies from the differential method are accurate as the integral

methods do not include a kinetic model and are much less sensitive to noise.

It has been stated multiple times that when one has a complex reduction profile
from a TPR thermogram (as is often the case in catalytic systems) that there are
multiple reduction processes occurring. When the the total reduction profile has
been recorded and converted into a de/ar profile, it can be considered that the

actual de/ar can be represented using:

n
d04_
ﬁ_g

1=1

. P, (2.30)

Ai _Eai
S e |

where subscript 7 is an index for the i process and n is the total number of processes

to be considered. This function is similar to the standard kinetic model equation
m with one extra variable P; which is the integral of the i*" peak divided by the
total integral, which acts as a proportionality constant for the specific process. This
means that the value of F, as calculated from the previous methods will change as
the process which dominates the reduction profile changes. Alongside this change
from one reduction process to another, it also needs to be considered the F, can also
change during a single reduction process as a function of o;. In order to attempt to
model this change in F, as a function of «; the following relationship was proposed

by Munteanu et. al.[19]
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Eag) = Ea) - (1 +70) (2.31)

Here a constant scaling factor, represented by the parameters v is introduced. It
can be seen that the change in activation energy as a function of « is considered to
be linear with respect to the degree of reduction. When combining equation [2.30)
with equation this gives us the final form the kinetic equation for a temperature

programmed thermogram.

n

S
dT

1=1

P (2.32)

Ai _EaOi- 1 (6%
Ff(oq)exp( ()R; + 7 )>

While the parameter v will have an effect on the calculated activation energy, and
the subsequent shape of the temperature programmed profile (usually in the form
of a shoulder on the peak) the value tends to be very small (v < 0.1) which means
that while it does has an effect on the temperature programmed profile, it’s effect

is not so significant that it causes errors when evaluating the kinetic data.

2.2.4 The Kinetic Constants

Now that we have shown how it is possible to calculate the Arrhenius parameters,
next up is how the kinetic constants, and subsequently the reaction model, are
calculated. The reaction model is represented by the function f(«) in the kinetic
equation[2.32] and the two most popular methods of calculating which model to use is
by performing a regression fit using equation [2.32] or via a methodology commonly
known as Malek’s procedure|20]. The regression analysis uses the methodology
outlined in section 2.1.2 to compare a simulated thermogram profile using equation
and then uses the regression algorithm to vary the values for A;, Eu, 7, P;
and the kinetic constants used in the various reaction models in table 2.I] until a

minima is reached and the final variables are used to estimate the reaction model.
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The second method, Malek’s procedure, is slightly more complex and uses so called
master plots in order to evaluate which kinetic model describes the reduction process

and the kinetic constants calculated.

Malek’s procedure is based on calculating two master plots y(«) and z(a)|21,

22|. The first master plot is y(«) which is calculated using:

doa E,
I B exp =T (2.33)

which as can be seen is proportional to the d¢/i¢r function, and as such the function

y(a) =

y(a) can be plotted as a function of a and as such gives the shape of the function
f(a). This means that for a given kinetic model, the shape of the y(«) function will
be unique for that specific kinetic model, and hence if one knows the shape of y(«)
for the various kinetic models before hand a comparison can be made. The downside
to this technique is that the shape of the y(«a) function is also highly dependant on
the activation energy, meaning that an accurate value for the activation energy is

needed in order for the comparison to the master y(«) plots. The second function

(&)’

The importance of the z(«) function arises from the fact that if one takes the

z(a) can be expressed by:

z(a) = 7(x)

% (2.34)

standard kinetic equation [2.§ and the integral form equation [2.20] and combines

them together then the following equation for reaction rate is obtained:

)

then by rearranging equation [2.34] the following relationship is established:

B

Tr(x)

fla)g(a) (2.35)
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()

then differentiating equation [2.36] with respect to a gives:

z(a) = m(x) = fla)g(e) (2.36)

z
E

d:(0) _ df(a)
dov do

g(a) +1 (2.37)

and then if we set 42(%) /4a to zero, indicating that we are at the peak value of z(«)

g(ap) =1 (2.38)

with the variable «, being the value of a at the peak of the z(a) function. As
equation @ is constant at the value a, for a given reaction model, the maxima
of the z(a) function can be compared to a master z(«) plot, alongside the y(«)
function, in order to determine the kinetic model.

——RO(0.5)
——RO(2)
— JMA(2)
—— JMA(D.5)
—— JMA(1)
—D2
—D3
—D4

——RO(0.5)
——RO(2)
—— IMA@2)
—— JMA(0.5)
—— JMA(1)
—nD2
—D3

— D4

01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09
degree of reduction « degree of reduction «

(a) (b)

Figure 2.4: Master plots for kinetic models in table 2.2 a) Master plots for the y(«)
function b) Master plots for the z(«) function

normalised y(w)
normalised z{c)

e

Using a combination of these two plots it is possible to get an accurate estimate
of the reduction process occurring on the surface of the catalyst. In the original
paper which outlines Malek’s procedure he uses the kinetic models outlined in
table 2.2] and the master plots shown in figure 2.4] in order to calculate the kinetic

model.
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Table 2.2: General kinetic models used in Malek’s Procedure

Reaction Model Symbol fla)

Reaction Order RO(n) (1—a)"

Sestak-Berggren SB(m,n) a™(1—a)”
Johnson-Mehl-Avrami IMA(n)  n(1 —a)[—In(1 — a)t=/m
nD-reaction R(n) (1—a)/

2D-Diffusion D2 1/[—In(1 — a)]

Jander equation D3 3/2(1 — ) /[1 — (1 — a)*#]
Ginstline-Brounshtein D4 3/2[(1 — )™ —1]

It was also noted in the paper by Malek that the a, value for the z(«) functions
is insensitive to value of activation energy used in the function, with a variance of
only 1% noted[20]. The master plots shown in figure contain all of the kinetic
information about a reduction process, and hence will be unique for each model.
The process to estimate which model is best applied to the system is outlined in a
flow chart shown in figure which is taken from Malek’s paper|20] (note: signs
for greater than and less than are swapped for the RO(n) model due to an error in
the paper), and all that is required is the maxima of z(«) and y(«), and the shape

of the y(a) plot.

—» | convex| —| RO(n>1)

D2 <——u‘;’ = 0.834
D3 4——0(;‘: = 0.704|¢
m D4 —Ja® = 0.776
— p

RO(n<1)
o A (n)
] —| s }—J

JHA(n>1)

—af 0 < au< Ep_u_i , St

Figure 2.5: Flow chart for assigning a kinetic model with greater than and less than
signs swapped for the RO(n model)

Using the flow chart shown in figure [2.5] it can be seen that for certain models
only (e.g. SB(m,n), JMA(n) and RO(n)) only a general idea of the model can

assigned using the flow chart. In order to calculate the actual values for the kinetic
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constants some further calculations are required. To calculate the kinetic constant

for the RO(n) model the relationship established by Gorbachev|23| can be used.

1—n

ap,=1— 11+

Lf(n - 1)
xpw(xp)] (2.39)

The kinetic constant n can then be solved by a simple iterative process. For the
JMA (n) model it is slightly more complex, as there are two different types of master
plots for JMA(n > 1) and JMA(n < 1). To solve when values of n > 1 the kinetic

constant can be calculated using the maxima of the y(«) function

1
T T I — o)

(2.40)

with a,, being the maxima of the y(«) function. With a kinetic constant of n < 1

then there are two possible ways of calculating n. The first is the Satava method|16]

In[—In(1 —a)]=C— Z—? (2.41)

which uses a linear plot of In[—In(1 — «)] v 1/1 to calculate n. The second method

uses the direct relationship

1 — aym(zy)
"= In(1 —a,) +1 (242)

It tends to be best practice to use a combination of the two methods in order to
get an accurate estimate of the n parameter. The final kinetic model to solve is the

SB(m,n) model, which uses:

m__%m (2.43)

n (1 —ay)
The ratio of the kinetic constants is simple to calculate by using the maxima of

95



Chapter 2 Kinetic Analysis and Modelling in Heterogeneous Catalysis

the y(a) curve, deconvolution of the parameters can be performed by a simple

rearrangement of equation [2.3) where f(a) is the SB(m,n) function (table [2.2)).

#[(&) = ()

By using a simple linear plot the kinetic constant n can be calculated, then inputting

=InA+nlnfe”(1 - a)] (2.44)

it into equation the kinetic constant m can be calculated.

It is shown in this section that by using well established theory one can calculate
a large amount of information, from a temperature programmed thermogram. This
simple and commonly used experiment has the potential to provide in depth analysis
of the reduction mechanism of a material, which is of particular interest in catalysis,
but unfortunately while the theory is robust and sound the application of the theory
is minimal at best when compared to the quantity of temperature programmed
experiments. In the next chapter we develop a new methodology for performing this
analysis using the CCI-TPR software in order to allow the deconvolution complex
temperature programmed profiles, and subsequently perform the analysis outlined

in this section.

2.3 Temporal Analysis of Products

The general ideas behind the TAP experiment are outlined in section 1.2, but in
order to fully appreciate the complexities of TAP we need to first delve deeper into
the theory behind the experiment. TAP is designed around the idea of using the
standard diffusion through the packed bed reactor as measuring stick by comparing
the exit flow responses for the reactants and products, and using the differences to
calculate various kinetic parameters. The basic theory behind TAP is outlined in

the 1997 paper by John Gleaves.|24]
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2.3.1 Basics of the TAP experiment

The experimental data obtained from a TAP experiment can be simplified as the
flow of gas out of the reactor as a function of time. As the flow is detected using
a mass spectrometer, the data has a very high time resolution and a high level of
accuracy, which means that even fine chemistry can be picked up. If one knows
the amount of gas that enters the reactor, and the flow of gas that is picked up at
the end of the reactor the normalised flow can be calculated, which is used in the
majority of TAP analysis. Another way to view the TAP exit flow is as a probability

density

_ A 2.45
P =N (2.45)

p

where p is the temporal probability density, F4 is the exit flow of gas A measured at
the outlet of the reactor, and finally N, 4 is the total number of moles of A released
from the flow valve. By differentiating p with respect to time, the probability of

finding a molecule at the reactor exit for a specific time interval can be expressed

t
P, :/ pdi (2.46)
0

where P, is the probability of finding a molecule between the interval 0 — ¢. If ¢ is
set as 0o then P, at this most basic level can give some information on the reaction
mechanism. If P,, = 1 then all of the gas sent through the reactor is recorded at the
exit - indicating either no reaction or a reversible adsorption/diffusion type reaction
occurring. If P, < 1 then it can be assumed that some of the gas has reacted or

adsorbed to the surface of the catalyst, therefore conversion can be defined as:

X=1-Py, (2.47)

o7



Chapter 2 Kinetic Analysis and Modelling in Heterogeneous Catalysis

While this idea of conversion works well in theory, in practice there are multiple other
factors that need to be considered, such as: mass spec sensitivity, fragmentation
patterns, and inherent system and electrical noise. This simple idea of measuring
conversion can be taken further in order to understand the kinetics of the processes

occurring on the surface of the catalyst.

The final aim of running the TAP experiment is to study the exit flow from the
reactor and attempt to assign a kinetic model to a process, and then be able to
calculate the kinetic constants. Before we can start to model and predict a complex
catalytic process, it is easier to start with a simple one-zone model, which was first
described in the original TAP paper[25]. In order for the one-zone model to be

applied the following assumptions need to be made:

The catalyst bed is completely uniform along the reactor bed

There is no radial concentration gradient in the catalyst bed

The temperature in the catalyst bed is completely uniform

The diffusion process through the catalyst bed is constant for all gases

The final assumption is held by applying the conditions required for Knudsen exit
flow (see section 1.2) meaning that the diffusion through the reactor is purely a

function of mass and temperature.

2.3.2 Modelling the standard diffusion curve

When modelling Knudsen exit flow it can be considered that the flow of gas is related

to the flux of gas through the following relationship:

0Cy 62C's

A _p,2A 2.4
5t 422 (2.48)

€
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where ¢, is the fractional voidage of the packed bed reactor, C'4 is the concentration
of gas A, t is the time, D, 4 is the Knudsen diffusivity of a particular gas, and finally
z is the axial coordinate along the reactor bed. We can then apply some boundary
conditions to equation [2.48]

Initial Condition:

Npa
0<z<L t=0 Cy=0, 2= 2.49
<z < A A (2.49)
Boundary Conditions:
0C
=0 —=0 2.50
z 5. (2.50)
z=1L Ca=0 (2.51)

where L is the length of the reactor in cm, N,4 is the number of moles of gas A,
and A is the cross sectional area of the reactor. The initial condition states that at
t = 0, at the entrance of the reactor the concentration of the gas is represented by a
delta function. The boundary conditions represented by equation [2.50| and equation
2.51] specify that at the reactor entrance, when the pulse valve is closed there is zero
flux of the gas, and that at the reactor exit there is essentially zero concentration
(due to ultra-high vacuum conditions at the reactor exit). The flow of gas out of the

exit of the reactor (as detected by the mass spectrometer) can be described using:

5C
Fy=—AD,4 6—;‘ -1 (2.52)

where Fy is the exit flow (mols™), and the flux can be represented by:

Fluz, = — (2.53)
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To solve the differential equation for exit flow, it is simpler to use dimensionless

parameters instead:

5:% (2.54)
T:Zif (2.56)
FA::EAR£%§; (2.57)

where € is the dimensionless axial coordinate, C4 is the dimensionless concentration,
F 4 is the dimensionless exit flow, and 7 is the dimensionless time. This means we
can then solve the differential equation the same as previously (equations to
but this time using dimensionless conditions.

Initial Condition:

0<¢E< T=0 Ca=0¢ (2.58)
Boundary Conditions:
6C 4
= —_— 2.
§=0 5¢ 0 (2.59)
E=1 Cur=0 (2.60)
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The dimensionless exit concentration can be solved by separation of variables giving;:

Ca(6,m) =2 cos((n+ 0.5)w&) exp(—(n + 0.5)°7>7)) (2.61)

n=0

and the dimensionless exit flow:

Fa(6,m)=m) (2n+ 1)sin((n + 10.5)7¢) exp(—(n + 0.5)*7°7) (2.62)
n=0
if we only consider the exit flow at the end of the reactor £ = 1 then equation [2.62]

can be expressed as:

Fa=m) (=1)"(2n+ 1) exp(—(n + 0.5)°7°7) (2.63)

Equation [2.63] is called the standard diffusion curve, and is constant for a Knudsen
diffusional response, when no reaction is occurring. In reality, when we measure
the exit flow from the reactor what we really measure is a dimensional form of the

equation:

Fy  Desa & tDea
— = —1)*(2 1 — 0.5)%72 2.64
e ZaScapn s e (w0 D) o

The difference between the dimensional and dimensionless curve can be seen in
figure 2.6 The dimensionless curve has all factors relating to the molecular weight,
and the temperature of the gas removed, and can be considered a master curve for
any non-interacting gas diffusing through the reactor - which is used for checking
to see if Knudsen diffusion is present in the reactor. The standard diffusion curve
has applications not only in confirming that the reaction is performed under the
Knudsen regime, but also in calculating various transport properties of the reactor

which come into use in later analysis.
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Figure 2.6: Knudsen exit flow comparisons a) Standard dimensionless diffusion curve
b) Standard dimensional diffusion curve

2.3.3 Confirming Knudsen Diffusion

One of the first steps when performing a TAP experiment is to confirm that the
reaction is being performed under standard conditions. This can be done in one of
two ways: The first is to use a regression analysis using equation [2.64] by varying
the parameters for D.,, €5, and L and seeing if the simulated curve overlaps with
the experiment. In the case of Knudsen diffusion the fit between experimental and
simulated should be close to perfect, as even a slight deviation between the two can
indicate that Knudsen conditions are not met. The second method is to analyse
the diffusional response curve itself. For the dimensionless diffusion curve there is a

maximum when:

D

Ty = (2.65)

where the subscript p indicates at the peak of the exit flow curve. When the value

for 7 from equation [2.65 is substituted into equation [2.63] we end up with:

Fa,=185 (2.66)

which gives the following relationship:
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Fa, .7 =031 (2.67)

As this is a dimensionless equation this relationship should hold true for any gas.
As mentioned previously, experimentally we don’t actually measure dimensionless
exit flow, we measure the dimensional normalised exit flow (equation instead.
If one then takes the dimensional forms of equations [2.65] to [2.67] then the following

relationships can be expressed as true:

oo el (2.68
P 6 DeA . )
Ho— 185 L 9.69
P - DeA ( . )
H, .1, =031 (2.70)

What equation [2.70| shows is that if one takes the normalised exit flow response and
takes the value of the peak maxima (H,) and multiplies it by the time of the peak
maxima (t,), they should get a value of 0.31. This method is a very good indicator
of whether or not the reaction has been performed under Knudsen conditions. While
previously it was mentioned that when performing the curve fitting a near-perfect
fit is required for Knudsen conditions to be met, when calculating the value of H,.tp
anywhere between 0.29 and 0.33 is considered to be accurate enough to be under
Knudsen conditions, as electrical and experimental noise is considered to have a
large effect on its value. Using these various methods it is possible to predict and

test for Knudsen conditions in the reactor if one considers the reactor to be one-zone.
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2.3.4 Modelling the Catalyst Zone

In the TAP experiment there tends to be not just one single zone for the gas to
pass through, but three zones: The first layer of the inert packing, the thin layer
of catalyst, and finally the second layer of inert packing. For the case of an inert
gas the standard diffusion curve discussed in the previous section is still applicable,
as from the perspective of the inert gas, the whole reactor is considered to be the
same (as long as the packing of the reactor is constant throughout). Where the
modelling becomes more complex is when a reactant or product gas is considered,
for the reactant gases there will be a large change in the standard flow through the
reactor when it interacts with the catalyst, and for the product gas, there is no inlet
pulse and hence the diffusion starts at the catalyst zone. Using equation [2.4§ to
model the flow of gas through the inert zones, the flow of gas through the catalyst

zone can be expressed using:

0Cy 62C' 4

— =Dy —— =+ 2.71
Ecat (5t cat (5372 R ( 7)

Where R is some complex rate function, and the subscript cat indicates it is in the

catalyst zone:

R = Ra(Cy(2,1),Co(z, 1), Npn) (2.72)

Where Cy is the concentrations of the various gases, and Cj is the concentration
of the various dynamic surface concentrations. The solution to the rate equation is

highly complex, but can be simplified by including two assumptions:

e The rates of the elementary reactions are not changed as a function of the

change in the catalyst state in the reaction

e The rates of reaction are linear to small concentrations of gas or changes in
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the catalyst

The first assumption stems from the fact the pulse size is very small, meaning that
there is an insignificant change in the catalyst structure during an experimental
pulse. The second assumptions is a standard linear response theory assumption
which has been proved to be valid for the majority of catalytic mechanisms.|26]

From these two assumptions the following relationship can be established:
R=> ki(Ccs, Nu)Cqilz,t) + > k;(Cos, Nu)Coj(2,t) (2.73)
( J

Where ¢ and j are index processes relating to gaseous and surface reactions respec-
tively, and k is the kinetic parameter for a given process at a specific catalyst state.
We can then assign some boundary conditions to equation [2.71

Initial Condition at t =0

C, Ji=o (2.74)

The condition at the exit of the reactor is similar to equation [2.50)

Cy o= =0 (2.75)
and finally at the inlet pulse
oC
— ADy, 5—A oo = 2N, 40(t) (2.76)
z

Before we can solve the equation for gas flow through the catalyst zone an explicit

form of the rate term R is required.
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2.3.5 Understanding the Kinetic Equation

As TAP is generally used for attempting to obtain information on reaction mecha-
nisms, it is quite often the case that the mechanism for the reaction is not known
beforehand, and as such a model-free method is required. By applying the assump-

tions onto equation [2.72] giving equation[2.73] it can then be combined with equation

2.7 to give:

0Cy 62Ca

Ecat T = cat W - ka(CC'57 NM)CQ + Z kj(CCS)OG,j (277)

J

To remove the time dependence of equation [2.77]it can be converted into the Laplace

domain|27] giving:

dQUg _ SEcat :l: k(l(CCSCg + Z) kj(CCS)CQJ (278)
da? Do Deat

with s being the Laplace variable, and C¢ and 69,]- indicating the Laplace versions
of their various functions. In order to solve equation [2.78] the concentration of the
various dynamic surface concentrations (Cy ;) should be solved as a function of the
gaseous concentrations (C,) and then eliminated. In the TAP reactor it is considered
that the transport through the reactor occurs in the gaseous phase (diffusion on the
surface of the catalyst is negligible), hence the rate of change of dynamic surface

concentrations can be expressed as a function of time using:

ACpi

T D kij(Ces)Coj+ Y kaj(Cos)Cos (2.79)
J

with £; ; being the various kinetic constants as a function of catalyst state, this can

then be expressed in the Laplace domain:
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S?g}i = Z ki j (ch>697j + Z kaJ(CCLgf)?g,i (2.80)
J

and then solved with respect to surface concentrations and generalised to give:

Coi(z,8) = Zai7j(C’cg,s)5g7j(z,s) (2.81)

where o ; contains the various coefficients that are a function of catalyst state and
the Laplace variable. From the solution to equation the rate term (equation

2.73|) can be compressed into a simpler form:
R = Zr"’j(Ccs, 5),Cy4(s,2) (2.82)
J
This means that by applying equation [2.82] to equation [2.78 we get:

a2C, B 5€catCyi(2,8) + > 1% (Cag, 8)Cy (2, ) (2.83)
dl’2 - Dcat '

If one then considers a system in which only one gas is reacting with the catalyst at

a time (as is usually the case in TAP) then we can express equation as:

@0y _ secatCyil(z,5) + 1'(Ces, )Cyy(2,5) (2.84)
dez Dcat

The differential equation 2.84] can then be solved analytically, and combined with
the analytical solutions for the flows in the diffusional zones (equation [2.48)) in the
Laplace domain, the exit flow for a three zone system can be solved in the Laplace

domain as a general function of r%(Cgg, s).|27]

1 Lca " O ) + ca 2Lin\/ mn
—— = cosh W CS; ) + Secu cosh | 2mvEin (2.85)
V Dcat

Bl

exit
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Lcat\/rr<OC’S> S) + SE€cat
\% DZat

x sinh

2Lin\/S€in DL, (1" (Ces, 8) + $€cat) + D5 S€in
V D:n 2\/Dgat(rr(CCSa S) + Secat)Dgnsgin

+ sinh

Equation [2.85] is the general solution for a reactant exit flow for a three zone reac-
tor system and due to the large number of terms becomes non-trivial to apply to
experimental data. It is a function the rate term (r"(Cgg, s), the fractional voidage
g, the Knudsen Diffusivity D, and the length of various zones L, with the subscript

cat and in indicating the catalyst and inert zones respectively.

2.3.6 Thin Zone Reactor Model

In order to simplify the kinetics of the reactor a Thin Zone TAP Reactor (TZTR)
methodology is set up. The idea behind the TZTR setup is that the thickness of
the catalyst zone is considered to be very small when compared to the total length
of the reactor (and subsequent inert zones). This means that any deviation in the
mean concentration of gas along the axial coordinate of the bed is considered to be

small.

When the methodology for the TZTR was first published [28] it was used as a
special case of a three-zone TAP reactor as explained previously. [24] The three zone

model states that if there are three zones which can be expressed as the following:

CA,zonel Z1 = CA,zoneQ Z4 (286>

CA,zoneQ oy — CA,zone?) 7o (287)
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6CA zonel (5014 zone2
- D _— =-D —_— 2.
eA,zonel 57 Z1 eA,zone2 57 Z1 ( 88)
5CA zone2 5OA zone3
-D Ttz _p O zones 2,
eA,zone2 57 Za eA,zone3 57 Zo ( 89)

Equations [2.86] to [2.89 represent that the concentration and the flux of the gas that
leave one zone and enter the other are equal, meaning that the concentration (and
flux) of the gas is continuous down the reactor bed, and should be modelled that

way.

The way that the TZTR setup works is by considering the catalyst zone to be a

boundary between two inert zones, rather than it’s own individual zone:

CA,zonel(Z7 t) ‘Z:LTZ - CA,zone2<Zv t) ‘Z:LTZ - C'A,TZ (290)

where Ly is the location of the thin zone in the reactor (usually the middle), and
Carz is the average concentration in the thin zone. The next step is to consider

the flows of the gas through their respective zones

5CA,zonel (27 t)

FA,l(z,t)\z:LTZ = —AD 5. |z:LTZ (2.91)
5014,207162(27 t)
FA,2(Zat)‘z:LTZ =—-AD T|Z:LTZ (2.92)

It can then be considered that the difference between the exit of zone 1 and the
entrance of zone 2 can be related to the rate of reaction occurring in the catalyst

zone.

Faa(z, t)|Z:LTZ — Faa(z, t)‘z:LTZ = ALcatRrz (2.93)
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where L.y is the length of the thin catalyst zone (cm), and the function Ry is the
same as the rate function from the three-zone model (equation|2.73)). The function of
the thin zone reactor can then be solved in a similar fashion to that of the three-zone

model in the Laplace domain|29| giving:

— 1
Fepitr = (2.94)
COSh( /—287—‘ ) + (CCS7 )Tcat S]nh( 237’» )
wm \/m \Y m
for the exit flow of the reactant, and:
\/_ p(0037 )Tcat
_ \/STin ( )
Fe:m', - 2.95
P ZSTWDT
X cosh
emt T DP
for the exit flow of the product. With:
ian LTLCCL
o ! (2.96)

2D, <~ Tap.

Similar to the exit flow for the three-zone model, the exit flows for the TZTR model
are functions of the rate term r(Cgg, s) with the subscript r or p denoting for the
reactants or products, the fractional voidage ¢, and the diffusivity D and the length
L of the catalyst and inert zones. Using the solutions for exit flow it is now almost
possible to simulate the exit flow measured during a TAP experiment, the only
variable missing is a real expression for the rate term. Before the rate term can be

expressed we first need to understand how to perceive the exit flow as moments
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2.3.7 Exit Flow as Moments

Analysing the moments of the exit flow from the reactor can be very useful in TAP
analysis. Moments are defined as the integral of the exit flow multiplied by time

raised to a power.

M, = / TPt (2.97)

where n is the moment number (e.g. My is the integral of the exit flow. The
moments can also be related to the exit flow in the Laplace domain through the

following relationship

(2.98)

5=0
The moments themselves do have a physio-chemical meaning, and represent the
time dependence of the flow of gas. The zeroth moment (M;) is defined as the total
number of molecules in the exit flow response, thus the M; can be used to calculate
the conversion if it is normalised to the intensity of the inlet and has the dimension
of moles. The first moment (M) has the dimension moles s and is the number of
molecules multiplied by the time. This means that M; can be used to determine
the residence time of the gas in the reactor at a given point by normalising it to the
zeroth moment. The residence time can be defined as the average amount of delay
in the pulse as it travels through the reactor. The final moment that is commonly
used is the second moment (Ms) which is the exit flow multiplied by time squared
and has the dimension moles s°. The actual physical meaning of the second moment
is slightly more complex as it relates to the relative amount of time the gas spends in
the reactor when compared to the residence time, and is correlated to processes such
as desorption. The integrand of the various moments can be see in figure 2.7 and it

can be clearly seen that the different moments tend to focus on separate parts of the
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Figure 2.7: Integrands of the various moments for simulated Knudsen exit flow

curve, with the higher the degree moments being more influenced by slow reaction

processes.

The relationship expressed in equation [2.9§ is also useful when attempting to
understanding the rate term r(Cecg,s). It can be stated that the nature of the
function [2.98 at s = 0 suggests that the Laplace reactivity should be expanded in a

Taylor series with respect to the Laplace variable s giving:

r(Ces, 5) = ro(Cos) + 11(Cos)s + 12(Ces) s (2.99)

the three coefficients g, r1 and o are called the basic kinetic coefficients as a function
of the catalyst state, are used to describe catalytic systems. Using these coefficients
the equations for the moments in the TZTR setup have been solved as a function
of the basic kinetic coefficients.|27]

For the reactants:
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My ! (2.100)
O 1+ Togr} '
M7 TeatTh
5 = TeatT] + Tin (1 + ) (2.101)
Ml 3
Mg M{Q r Tin TinTcat'FS r
M62 — M_g?’ = —27'0(1157“2 + ? 5 + QTcatrl + Tin (2102)
For the Products:
MY = M e (2.103)
MYl T, . Dr, .
m: %—FE 8M0 +3+9D_fn +7catMOT0 (2.104)

+ SDPT‘”(

MY b 19D% 7,

D:nTm2
o) ((3 + 8M{)Tin + 12M 7 Tear) — 120%) ...

in' 0

p
Ut

) 1

+ 12MEr Teat) + Tin® | =+ =M (23 + 40M)
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1

+ 6Mg(3 + 16 M) TonToat + 2M Toat (METT Togy — 15)
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2.3.8 The Basic Kinetic Coefficients

The kinetic coefficients arise from the Taylor expansion of the rate term, and as such
it can be considered that there are an infinite number of these coefficients, with in-
creasing coefficients indicating an increasing accuracy. Due to the increased influence
of noise with higher moments only the first three coefficients can be considered reli-
able when analysing and simulating TAP experimental data, as the coefficients are
directly related to the moments of the exit flow, and in experimental data only up to
the second moment can be calculated with any reliability. The benefit of using the
kinetic coefficients over other methods is that they are considered to be model free,
which means that there is no predefined mechanism when analysing the results, and
when comparing the coefficients to a model-based method, the difference between
the two curves is negligible (figure , and is only noticeable at small timescales

(t < 0.1) which have little effect on the various moments.

The basic kinetic coefficients themselves have some physio-chemical meaning.

! which has been assigned as an

The zeroth coefficient ro has the dimension s~
apparent kinetic coefficient for the chemical reaction, similar to a rate constant.
The first coefficient r; is dimensionless and is labelled "intermediate-gas” constant
which relates the gas with the preceding intermediate gases. Finally the second
constant 7o has the dimension s and has been assigned to the apparent time delay
that arises from reactions occurring on the surface of the catalyst. All three of
these constants have been solved for exit flow, meaning that from the standard
experimental response it is possible to calculate the basic kinetic coefficients, as
long as the moments and the residence times in the inert and catalyst zones are

known.|29)

For the reactants:

ro = (2.106)
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Figure 2.8: Simulated exit flow for a reversible adsorption/reaction mechanism using
the kinetic model and 3 coefficient rate terms

M7 1 T
= — T [ —+ =2 2.107
! TcatMg 2 ! (Tcat 3) ( )
M; MP? T [ Tt Tin
— Ty = - + — +2r] + 2.108
2 QTcatMSQ TcatMgs 6 ) ! Teat ( )

For the products:

Mg
= 2.109
TcatMg ( )

oR3
\

75



Chapter 2 Kinetic Analysis and Modelling in Heterogeneous Catalysis

Dr
<8M5 +349 D;”) - TcatMgr;] (2.110)

D p r2._ 2 r

TR M Tepr?  8DE

(2.111)

p

LS

X | (34 8My)Tin + 12My7Teqr — 12—
To

1
— 6Mg;(:a + 16 M) TonToat — 2M Toat (M3 Ty — 75) ...

P
LS
+ —5((3 + 8My) Tip, + 12M 71 Tear) - -
679
) 5 1
— T — 4+ —M7(2 40M*

As it can be seen from equations [2.106] to [2.111] that solving the exit flow for the

basic coefficients is a consecutive process. Due to this processes any errors in the
calculation of the moments and coefficients is enhanced massively when one reaches
the higher coefficients. As the accuracy decreases with increasing coefficient it is
often that the zeroth coefficient is only calculated as the relative error is quite
low, and it provides the most chemical information (apparent rate constant). If
one is able to calculate the kinetic coefficients with accuracy then it is possible
to apply a kinetic model, and then solve for the various rate constants in that
model. The rate terms, and hence the coefficients have been solved for multiple
mechanisms and are summarised in appendix [7.1| taken from [27]. The solution for
a simple adsorption/desorption/reaction mechanism (figure is shown below. It
was shown that the various kinetic coefficients relate to the rate constants through

the following equations:
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Figure 2.9: Reversible Adsorption and Reversible reaction mechanisms with rate
constants
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It is then possible to solve for the rate constants through a simple rearrangement:

rolkq + K, 1 1
ka = % k:'r — W— k?d kd - (2113)
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Using a combination of these methods it is possible to completely model and un-
derstand a large number of reaction mechanisms using the TAP reactor. The TAP
reactor is a very powerful tool when considering the potential quality of the data it
can generate, but as it can be seen the analysis of the data is highly complex and
extremely difficult to perform without assistance from a piece of dedicated analysis
software. The main method for analysing TAP data is to perform the moment anal-
ysis on the exit flow reposes, and using the moments to calculate the basic kinetic
coefficients, and then if possible attempting to assign a reaction model and calculat-
ing the rate constants. Another method which we propose is to use the solutions for
the exit flow equations for TZTR setup and perform a regression analysis using the

same method for the TPR analysis, and use the outputted parameters to calculate
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the basic kinetic coefficients / rate constants.

2.4 Density Functional Theory

This section will outline the underlying theory of Density Functional Theory, and
how it has been applied to the work performed in this thesis. The simulation package
used for these simulations is the Vienna Ab Initio Simulation Package (VASP) which
is a plane-wave Density Functional Theory (DFT) code. Inside the VASP package
there are various extensions and functions used alongside the standard DFT for
example: DFT-D3, Nudged Elastic Band methods and Molecular Dynamics. The
theory behind these various methods are well established in the literature and is out-
lined in various textbooks,|30-35| as such the majority of the derivations of various

equations are left out for the sake of simplicity.

2.4.1 Understanding Ab-Initio codes

Ab-Initio (or first-principles) codes are interested in the nuclei and electrons of
atoms, and use their interactions with each other to describe the properties of various
systems. The mathematics behind these codes is based on the theory of quantum
mechanics. The driving force behind quantum mechanical codes is the Schréodinger

equation put forward by Erwin Schréodinger in 1926.

‘H\Ij(riarjvt) = E\P(Tiarjat) (2114)

Where H is the Hamiltonian operator, ¥ is the wave function, F is the system
energy, the parameters r; and r; are the coordinates of the electron and nucleus
respectively, and finally ¢ is time. In theory equation can be solved for every
atom in the atomic system and give a full representation of the interactions between

them, but this is practically impossible for any system larger than a simple hydrogen
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atom as the number of variables expands exponentially with increasing complexity.
In order to simplify the problem the factor of time is removed from equation [2.114]
which can be performed by only studying the ground state of electrons, meaning
that the potential energy of the system is constant as a factor of time. To simplify
the equation further, the nuclei of the system can be ignored as well. As the nuclei
are far larger than the electrons it can be considered that any change in the position
of the nucleus instantaneously effects the electrons, and as such the electrons are
always in the ground state for any given position of the nuclei. This means that
from the position of the electrons the nuclei are considered to be frozen in space, so
instead of being a variable in the equation, the nuclei can be considered a constant
parameter instead. This means the energy of the electrons and the nuclei can be

decoupled, and this decoupling is known as the Born-Oppenheimer approximation.

Eatom = Enucleus + Eelectron (2115)

The Born-Oppenheimer equation shows that the energy of the atom is the sum of
the nuclear and electronic energies. Applying these simplifications to equation [2.114]

we end up with the time-independent Schréodinger equation

A

H(r)¥(r) = EV(r) (2.116)

in which the Hamiltonian operator, and the wave function are now only functions of
the electron coordinate r. The time-independent Schrodinger, equation [2.116], shows
that all of the information relating to the energy of the system E is contained within
the wave-function ¥, which means that through selection of the correct Hamiltonian

operator H and wave-function U the energy for the system can be calculated.

One of the first methods for calculating this energy is known as the Hartree-
Fock (HF) approach, which attempts to solve equation [2.116| using the following

assumptions:
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Figure 2.10: Simplified Hartree-Fock method taken from [36]

Born-Oppenheimer approximation held true

Relativistic effects are negligible

The solution is a linear combination of finite orbitals

Each energy is described by a single Slater determinant

Correlation between electrons of opposite spin is zero

Any trial wave function will always have an energy equal or greater than the

true value

Using these assumptions it is possible to build an initial guess of the wave function,
calculate the value of the function at that point, then then vary the values of the
wave function until the value converges (see figure essentially performing an
optimisation of the wave function in order to calculate the true wave function, and

hence the energy of the system.
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2.4.2 Moving on from Hartree Fock

The Hartree-Fock method has been tested extensively over the years, and has proven
to work well for very simple systems consisting of several atoms, however in practice
this is not useful as several atoms can rarely be used to study properties of materi-
als. The first breakthrough from the Hartree-Fock method was the 1964 paper by
Hohenberg and Kohn [37] which provided two theories that it was possible to use
the electron density instead of the wave function in order to calculate the energy of
the interacting system. The first theory was that the ground state electron density
of the system will provide a unique external potential (interaction between nuclei

and electrons):

p(’l") — Uea:t (2117)

with p(r) being the electron density, and U,,; the external potential. The internal
potential (the electron kinetic energy and electron-electron interaction energy) is
independent of the external energy (and subsequently the electron density) and is
considered to be universal. The first theory can then state that as long as the
system is at it’s ground state the electron density can be used to define the external
potential (and vice versa). The internal energy of the system is universal and hence
a universal functional should be used (although this is not explicitly known). Finally
that different Hamiltonians will only differ by their external potentials, and therefore
the electron density can be used to define the Hamiltonian, the wave function, the
external potential, and therefore all of the properties of the system in it’s ground
state. It is this idea that forms the basis for Density Functional Theory. The
second theory ascertains to the deduction of the minimum energy of the system,
and relates to the method of finding the ground state for a system through the
variational principle. If we provide a system at a given external potential U,,; then

by minimising the energy of the system by varying the electron density the ground
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state electron density can be calculated, and hence ground state energy of the system

can be calculated.

Elp(r)] = Flp(r)] + Eeat[p(r)] = Egs (2.118)

Where E|p(r)] is the current energy of the system, F[p(r)] is the internal energy,
and E..¢[p(r)] is the external energy all as a function of the current electron density.
While this theory is very powerful it can be limited by the fact that while we know
the ground state electron density exists we have no idea what the true value of the
density is, so a system which is far from it’s ground state electron density can take

a long time to find the ground state.

2.4.3 Kohn and Sham and the Origins of DFT

Actually calculating the ground state electron density using the Hohenberg and
Kohn methods turned out to be more difficult than originally thought due to the
poorly written electronic kinetic energy as a function of electron density. Expanding
on the Hohneberg and Kohn method, the Kohn-Sham|38] method was developed,
which formed the modern Density Functional Theory still in use to this day. Kohn
and Sham decided that given the principles outlined by Hohenberg and Kohn, a
system could be built up using single electrons which removes the issue with the
electronic kinetic energy. In order to fully understand how the Kohn-Sham method
works we first need to consider the Hamiltonian from the n-electron system from

the time-independent Sherodinger equation used in HF:

N n

1 <& 1
:__sz sz_m 5;@ (2.119)

I=1 =1

where r; and Z; are the coordinates and the charges of the nuclei, and r; and r; are

the coordinates of the electrons. The first term is the kinetic energy of the system,
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the second is the external potential, and finally the last term is the Hartree potential
(electron-electron interactions), which is summed over i # j in order to remove any
self interaction. This means that the energy of the system can be considered a simple

summation of the individual energies:

E = Eyin + Euwt + Egy + E, (2.120)

with the four terms representing the kinetic, external, Hartree and exchange energies.
Kohn and Sham then assumed that the electrons in their one-electron system were
all non interacting and in their ground state. This meant that the energy of the
system could be split into components consisting of interacting and non-interacting

electrons, giving the standard energy term used in DFT.

E=EY"+E.,+ FEyg+ E, (2.121)

kin

Where E2" is the kinetic energy of the non interacting system, and the term E,. is
the exchange correlation energy of the system, which is made up of the correlation

and exchange energies:

E,.=FE,+E. (2.122)
E,=E" + g™ (2.123)

where F, is the exchange energy, which relates to interactions between electrons with
the same spin arising from the Pauli exclusion principle, and E. is the correlation
energy, which relates to the ability for electrons of opposite spins to occupy the
same orbital and is made up of correlation due to electron-electron interactions and
the kinetic energy of these interactions. When calculating the energy of the system

using equation [2.121] the first three terms are elementary to calculate using the
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Kohn-Sham equations which can be found in a multitude of textbooks, the final
term, the exchange correlation energy contains all of the quantum effects of the

system, and has no explicit solution, meaning it has to be approximated.

2.4.4 The Exchange Correlation Energy

In order to complete equation [2.121] the exchange correlation energy needs to be in-
cluded. As the exchange correlation energy has no exact mathematical solution for
an n-electron system, an approximate model is used. There are two main methods
for performing the estimation of the exchange correlation energy, these are known
as the Local Density Approximation (LDA) and the Generalised Gradient Approx-
imation (GGA). The former splits the total electron density for the system into
smaller uniform pieces (see figure [2.11a)) which have a uniform electron density. As
the electron density is constant across each of the pieces it is possible to calculate
the exchange correlation energy for the system at that state, the total exchange
correlation is then considered to be the sum of the individual exchange correlation
energies. The LDA approximation is considered to be an outdated approach and has
multiple issues such as over predicting binding between atoms causing incorrect lat-
tice parameter estimation, and does not predict correct ground states for transition
metals, and therefore the more modern GGA approach tends to be used instead.
The GGA approach attempts to include the complex nature of the density function
by removing the homogeneity of the LDA approximation by taking the gradient of
the electron density at a given point giving a more realistic picture of the electron
density (figure 2.11D]). As the density functional is more accurate the subsequent
exchange correlation functional is considered to be more accurate and therefore the
results of the DF'T calculation are considered to be more accurate. The GGA func-
tion is very well established in all modern codes (e.g. VASP) with the most popular
approximations being the Perdew and Wang|[39| functional known more commonly

as PWO1, and the Perdew, Burke, and Ernzerhof functional|40] known more com-
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Figure 2.11: LDA and GGA approximations using a simplified 2D model a) Example
of LDA approximation b) Example of GGA approximation

monly as PBE. The latter of the two is the most extensively used functional and
has been shown to be accurate and efficient at calculating properties of the majority
of systems, although it does have it’s own shortcomings (no inclusion of long range
effects and errors in predicting binding energies for some complex organometallic
systems) it is generally considered to be the accepted standard for DFT calculations

and is used extensively throughout the work in this thesis.

There are many other functionals available, such as hybrid and meta-GGA, but
while they often tend to counteract the shortcomings of the more popular functionals
and are usually more accurate they are often far more computationally expensive, or
designed with specific systems in mind. As such these functionals were not used in

the work outlined in this thesis, and therefore can be ignored for the sake of brevity.

2.4.5 Calculating the Total Energy of a System

The most efficient method for calculating the ground state electron density of the
structure is through an iterative method similar to the HF approach [2.10] It works
by constructing an initial electron density based on the electronic configuration of
the system (e.g. by combining the individual densities of the Cu atoms to form Cu

metal) which provides an initial guess of the electron density of the system. The
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next step involves evaluating the Kohn-Sham energy Hamiltonian:

Hyo(p(r)) = Ep(p(r) + Ueat(p(r)) + Un (p(r) + Use(p(r)) (2.124)

which takes a similar form to equation [2.121] once the Hamiltonian has been evalu-

ated at a given density the Kohn-Sham equation is solved.

Hyd = Eig (2.125)

As it can be seen the KS equation is in a similar format to the time-in dependent
Schrodinger equation from section 2.4.1. This means that solving the equation will
give you a new KS orbital, which in turn gives you a new electron density and a
new energy of the system. The process is then repeated until the energy converges
within a preset limit (in a similar fashion to the HF optimiser). Once the system
has converged the total energy of the system is then calculated and the resulting

forces on the atoms can be used to optimise the position of the atoms.

2.4.6 Vienna Ab-initio Simulation Package

As mentioned previously VASP has been simulation package which was used for the
various DFT calculations performed in this thesis. VASP has the ability pseudopo-
tentials, or the Projector Wave Method (PAW) with a plane wave basis set.[41}-47]
The code has been used for simulations of materials, interactions between catalyst
and substrates, and quantum mechanical Born-Oppenheimer molecular dynamics.
The Kohn-Sham equations for calculating the ground state properties of a system are
solved using an efficient iterative matrix diagonalisation method, with Pulay/Broy-
den charge density mixing. This leads to accurate calculations for transition metal
systems, and by using the forces on the atoms allows for optimisation of the geometry

of the system.
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The PAW method in VASP is implemented in VASP in order to correctly simulate
first-row transition metal elements with minimal effort, and also provides access to
the full wave function when generating the density functional. In the PAW method
the core electrons are considered to be frozen, and only the valence electrons are

considered. The PBE functional has been used for all calculations performed in this

thesis, the PAW functionals for PBE were taken from the VASP database.
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Figure 2.12: Flow chart of DFT optimisation in VASP

The optimisation of the density functional in VASP consists of two loops (figure
. The density and wave function are optimised in the inner loop, and then the
forces and atom positions are optimised in the outer loop. Inside the inner loop the
method used to optimise the wave function is set by the ALGO tag. They can be
optimised using a blocked algorithm (ALGO = normal), a residual minimisation
scheme - direct inversion of the iterative subspace, known as RMM-DISS (ALGO =
Very Fast), or a mixture of the two algorithms (ALGO = Fast). For all of the work

performed in this thesis ALGO = Fast has been used.

For the optimisation of the outer loop (movement of ion positions), the IBIRON
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tag is used to specify which method to use. For all of the calculations in this
thesis IBIRON = 2 has been used, which uses a conjugate gradient method for
the minimisation of the forces and atomistic positions, which is the recommended
setting in VASP. The conjugate gradient method is a very common optimisation

method for linear equations and is well established in the literature.|48|

Solid Material I Unit Cell

Figure 2.13: Schematic showing how to define a unit cell simplified to two dimensions

When studying a material it is not possible to simulate the almost infinite number
of electrons required to replicate the material properties on the macroscopic scale,
and hence a method of reducing the number of atoms in the system is required, and
this is performed using Periodic Boundary Conditions. In order to replicate the ma-
terial in three dimensions the unit cell needs to be defined (see figure 2.13), which is
the simplest form of the 3D periodic structure, and the properties of the system are
calculated using that unit cell. This reduces the total number of atoms used in the
calculation. The actual calculation of these properties involves the complex trans-
formation of the unit cell into reciprocal space and then into k-space. The process

is described very well in Computational Materials Science: An Introduction|49):

e The solid is reduced into a supercell consisting of several unit cells and is

expanded to infinity by the Periodic Boundary Conditions

e The supercell is transformed to reciprocal space and is contained within a first

Brillouin Zone
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Figure 2.14: Treatment of solids using Periodic Boundary Conditions ||

e The wave functions are mapped using two vectors k and G which are the wave

vector and reciprocal lattice vector respectively.

e The first Brillouin Zone is then converted into it’s simplest form known as the

irreducible Brillouin Zone

e The irreducible Brillouin Zone is then mapped using a grid of k-points and then
by integration/summation/extrapolation of these points all of the properties

of the infinite system can be obtained.

When replicating the true plane wave of the solid in reciprocal space, a periodic
wave function and a plane wave function are summed together to generate a sim-
ulated wave function. When the number of plane waves summed to the periodic
function rises to infinity then the simulated wave function can be said to be a true
replication of the real wave function. Unfortunately, summing an infinite number of
wave functions is impossible, and hence a cutoff for the energy of the plane waves
is included in calculations with the ENCUT tag in VASP. It can be considered that
the higher energy (and higher frequency) wave functions have little effect on the
overall shape of the simulated function, and after a certain point the energy of the

system will converge upon a certain value. Practically this is performed by a plane
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Figure 2.15: Convergence in plane wave energies for a Zr,O, unit cell

As it can be see in figure the total energy of the system converges at > 500
eV but the increase in run time is still linear. Alongside setting the cut off energy
for the plane wave, the total number of k-points to be used in the k-grid also needs
to be set. This is performed via a similar method where instead of varying the plane
wave cutoff energy, the size of the k-point grid is varied instead. The k-point grid
is assigned using the KPOINTS file in VASP, and the total number of k-points per
lattice vector is correlated to the size of that particular lattice vector (i.e. The larger
the unit cell in the ab or ¢ direction the less k-points required). A k-point expansion
test is usually performed on the unit cell of the bulk structure being studied, so that
the correct properties can be calculated. For larger systems using anything other
than a single k-point in each direction becomes far too computationally expensive as
the reciprocal space becomes very small and a single k-point is more than sufficient
to describe the Brillouin Zone. As it can be seen in figure 2.16] setting the correct
k-grid has a large effect on the computation time of the calculation, with the run

time increasing exponentially with increasing k-grid density.
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Figure 2.16: Convergence in k-point cutoffs for a Zr,O, unit cell

The final step in setting up the calculation is setting up the partial occupancies of
the orbitals, and this is performed using the ISMEAR tag in VASP. The calculations
in this thesis all use either metallic smearing IMSEAR = 1 which uses the method of
Mathfessel-Paxton in order to set the occupancies, or Gaussian smearing ISMEAR
= ( for semiconductors and metallic nanoparticles. The width of the smearing
is defined by the SIGMA tag, with a standard setting of 0.2 eV used for metallic
smearing, but in the case of Gaussian smearing a value of < 0.05 is often required

in order to get the correct occupancy of the orbitals.

2.4.7 Long Range Dispersion Corrections

Using the previous parameters discussed it is possible to perform a optimisation of
a structure using VASP, but in order to have a more accurate representation of the
structure sometimes extra corrections outside of the standard DF'T calculation are
required. One specific correction is for long range dispersion (van-der-Waals) forces

which are dynamical correlations between fluctuating charge distributions. The
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corrections are included in the calculation by simply summing up the standard Kohn-

Sham energy calculated using DFT and the energy that arises from the correction:

Eprrps = Eprr + Eps (2.126)

Where Eppr_ps is the Grimme D3 corrected system energy, Eppr is the energy
from the standard DFT calculation and finally Ep3 is the energy that arises from the
dispersion correction. There are multiple methods for perform dispersion correction
calculations, but the one used in this work is the Grimme D3 correction|50]. The

following expression is used for calculating the dispersion interaction:

1 MM Clii Ciii
Ep3 = —52 Z > (fd,ﬁ(Tij,L)Ti + fd,S(Tij,L)ﬁ) (2.127)
i=1 j=1 L ], 7,
Sn
fan = (2.128)

1 _'_ 6 rij —Qp,
SR,nROij
/C&'j
Rpii = (| —= 2.129
075 CGij ( )

where 7 and j are atom indexes, sg, Sg, and sg are damping function parameters that
depend on the choice of exchange functional, Cg;; and Cy;; are geometry dependant
dispersion coefficients, N is the number of atoms in the system, and L is a translation
number across unit cells. In VASP the D3 correction can be included by setting the

tag IVDW = 11 and including the following tags:

VDW_RADIUS = Cutoff radius for pair interactions

VDW_CNRADIUS = Cutoff radius for calculation coordination number
VDW_S6 = Functional dependant damping parameter

VDW_S8 = Functional dependant damping parameter

VDW_SR = Functional dependant damping parameter
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The first two tags are system dependant, and for this work have been set at 15A
and 10A respectively. The final three tags are functional dependant, and for the
PBE functional are set as 1.0, 0.722 and 1.217 respectively as taken from the official
DFT-D3 website.

2.4.8 Bulk and Surface Calculations

For the majority of catalytic research, the surface of a material is most primary
interest, rather than it’s bulk properties, but before you are able to calculate the
properties of the surface, the properties of the bulk must be correctly set. The first
step when accurately calculating the properties of the bulk is to select the correct
k-grid and the correct ENCUT value using the procedures outlined in figure 2.15
and [2.16] Once the correct values have been selected, the ion positions and the
shape and size of the unit cell need to be optimised. Optimising the ionic positions
is elementary and can be performed via a simple VASP calculation, the optimisation
of the unit cell is slightly more difficult. There are two methods of optimising the
unit cell, the first is to manually change the size of the unit cell and record the
bulk modulus, then use a Murnaghan|51| equation of state in order to calculate the
optimal size of the unit cell, or the in-built VASP optimiser can be used. The latter
was used for calculating the bulk properties in VASP, and it can be set by using the
ISIF=3 tag in the INCAR file when running a VASP calculation. The problem with
running the optimisation using VASP is that as the size of the unit cell is fluctuating
the Pulay stress needs to be accounted for, this can be accounted for by setting the

ENCUT value at least 1.3x its converged value as stated in the VASP manual.

Table 2.3: Unit cell parameters for t-ZrO,

Method a b ¢ Volume / A3
Cell Optimisation 3.61 3.61 5.25 68.44
Murnaghan 3.57 3.57 5.16 66.42
Experimental 3.08 3.58 5.16 65.88
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Figure 2.17: Murnaghan fit for t-ZrO, unit cell

It can be see from that both methods give an accurate prediction of the
real lattice parameters (values taken from ICSD 9993|52|), but it can be seen that
the Murnaghan fit solver was more accurate for estimating the lattice parameters
overall when compared to the ISIF method. The downside to using the Murgnaghan
solver method is that you need multiple data points (figure in order to fit the
Murnaghan equation accurate for the system. This means that multiple calculations
are required for the calculation of the bulk properties for a single sytem, for the ISIF
method only a single optimisation is required meaning it is more efficient. For the
work outlined in this thesis we decided to perform this trade off in accuracy for
efficiency as a large number of bulk relaxations were required to be performed.
Once the bulk has been optimised, the surface can be cut from the bulk unit-cell

and used in further calculations.
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2.4.9 Transition State Searching

When calculating a reaction mechanism, it is often important to understand how
that reaction mechanism evolves, and any activation energy barriers that are present.
To calculate the activation energy barrier for a certain process, the energy of the
transition state is required. Unfortunately for the majority of processes the structure
of the transition state is not known, and hence its energy can not be calculated.
One method of attempting to find the structure of the transition state, and the
minimum energy path for the reaction is the Nudged Elastic Band (NEB) method
with climbing image modifier.|53] The NEB method works by taking the start and
end point of a reaction mechanism (the two minima) and interpolating between

them generating a number of images (figure [2.18]).

VNS N T

REACTION COORDINATE

Figure 2.18: Interpolated reaction for conversion of LA to GVL

The images are connected to one another by a spring, so that when the structures
are optimised they do not fall into either the start or end minima. This relaxation
along the images is then repeated until a minima is reached, it is at this point
that the minimum energy pathway is said to have been found. The climbing image
modifier is applied in order to make sure that the highest energy image lies on the

transition state.

The NEB method is implemented in the VASP package, but a third-party ex-
tension is available called VASP Transition State Tools (VT'ST), and is known to be
more accurate and efficient for performing these types of calculations.|53H57| The
two methods used to optimise the NEB calculation are the Quick Minima (QM)

method, which is similar to the method implemented in the standard VASP code,
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System Energy /kJ mol’
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Figure 2.19: Graphical representation of NEB method a) Contour plot of reaction
pathway in NEB calculation b) Optimisation of energy in NEB calculation

the Limited-memory Broyden-Fletcher-Goldfarb-Shanno (LBFGS), and the Conju-
gate Gradient method, the latter two are more accurate methods for minimising the
forces on the ions. Example INCAR files can be seen in code snippets to [7.3]
The general methodology for performing the optimisation is to use the QM method
in order to make sure the forces on the ions are at an acceptable starting point,
and then use the more accurate optimisers to find the transition state and minimum

energy pathway.

The shortfall of the NEB method is that it is using single image snapshots to
try to replicate a dynamic system. While this is a fair analogy for simple systems,
if there is a solvent or some other component with multiple degrees of freedom, this
analogy tends to fall short. In order to capture the dynamics of the system, a method
known as Umbrella Sampling (US) can be used. The US method works by taking
the same start and end point as it used in the NEB calculation and interpolating
the images, but instead of performing a relaxation of the ions, an ab-initio molecular
dynamics calculation is performed at each step along the reaction pathway. In order
to stop the system from entering non-physical states, or to stop it from relaxing
down to the start and end images a potential wall is added to the system blocking
it from entering certain energies (see figure [2.20al). By sampling the full reaction

pathway it is possible to capture the dynamics of the evolving reaction system which
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is more accurate for systems with a large number of degrees of freedom.
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Figure 2.20: Graphical representation of Umbrella Sampling method a) Energy with
added potential well (well is exaggerated for clarity) b) Umbrella Sampling v NEB
calculation

From using a combination of these two methods of sampling the transition energy

pathway an accurate representation of the real dynamic system can be generated.

2.5 Molecular Dynamics

Standard DFT calculations are great for calculating properties of given systems, and
are able to calculate these properties to a high degree of accuracy. The issue with
the majority of standard DFT work is that it is performed using static images at
zero Kelvin, and as such are no dynamic or temperature effects on the system. In
order to capture those effects Molecular Dynamics (MD) can be applied. The most
popular for of molecular dynamics simulations use classical mechanics instead of
quantum mechanics. Differing from DFT, which is mainly focused on the electrons,
classical mechanics is only focused on the atom a whole, with the most popular
form of using Newtons equations of motion to simulate atom-atom interactions as
a function of time. Due to these simpler equations classical MD can be used to
simulate systems with millions of atoms, compared to the few hundred of DFT. The

world of classical mechanics is focused around the famous Newtonian equation:
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F=ma (2.130)

where F' is the Force, m is the mass, and a is the acceleration. It is from this simple
equation that it is possible to model how the system evolves as a function of time

(backwards and forwards) giving us molecular dynamics.

2.5.1 Describing Atomistic Interactions

To describe how atoms interact with each other, potentials are used. A potential
is a simple equation that describes the energy of a system as a function of distance
between atoms. The simplest method is consider a system in which the total energy
is constant, we can then state that that the force acting on the system is a function

of the inter-atomic potential

(2.131)

Where U is the potential as a function of position, and r is the position of the atom.
This means that calculating the forces on the atoms is elementary for a given poten-
tial and atom positions. The potential can have many forms, and there are many
different potentials which have their various uses, for this work the OPLS 2005

force fields|58| in which the total energy of the system is calculated using:

E(TN> - Ebonds + Eangles + Edihedrals + Enonbcmded (2132)

The solution for the bond energy is a harmonic oscillator where:

Ebonds = Z /{ZT<7‘7;J' — 7“0)2 (2133)
bonds

with k, being a force constant, r;; is the current bond distance, and g is a set bond
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distance. This allows the bond to oscillate around a set point ro. For the bond

angles a similar harmonic oscillator is used:

Ko
Eangles = Z E (QZ] - 00)2 (2134)

angles

this follows the same relationship as equation [2.133] where ky is a force constant,
and 6;; and 6y are the bond angle and set bond angle respectively. The dihedral

uses a triple cosine to describe the dihedral angle rotation

1 1
Eiihedral = Z = (5/11[1 + cos(¢ — ¢1)] + §A2[1 — cos(2¢ — ¢2)]

dihedral

+ %Ag[l + cos(3¢ — ¢3)] + %A4[1 — cos(4¢ — ¢4)]> (2.135)

with A being the various force constants and ¢ being the angle measured in the
dihedral. Finally we have the expression for non-bonded interactions, which uses a

Lennard-Jones potential.

12 6
Oii Oii
Enonbonded = E 45ij (T_]> - (T’_]> (2136)
ij ij

i>]

with

o 1 . . Tmin
0ij = 5(0'1 + O'j) 5ij = 6i8j g = 21/6

(2.137)

where equations [2.137] show the combining rules for the constants o and ¢ which
relate to the minimum energy bond angle and the depth of the potential well re-

spectively.
When calculating the forces on the atoms using the potentials, it is important to
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Figure 2.21: Cutoff potentials use in MD simulations a) Graphic showing cutoff in
2D periodic image b) Lennard-Jones nonbonding interaction potential with cutoff

include a cutoff distance for the potentials. The reasoning is twofold, first it helps
cut down on computation time, and second in periodic systems the cutoff needs to
be smaller than half of the unit cell size, as otherwise an atom could interact with
another atom inside the box causing unphysical interactions (see ﬁgure. Using
a combination of these method for calculating the energy as a function of atomistic

position, then allows the forces to be calculated on each atom in the system.

2.5.2 Solving as a Function of Time

Attempting to solve the differential equation [2.131] as a function of time (or dr)
isn’t computationally feasible, so MD employs a finite difference tactic, in which the
positions of the atoms is solved at finite time steps by using a Taylor expansion such

as:

r(to +t) = r(to) + v(to)t + %a(t)tQ +... (2.138)

where increasing the number of terms in the expansion increases the accuracy of
the calculation of the new positions of the atoms. There are multiple methods

for performing this Taylor expansion, with the most popular being the Velocity
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Verlet, and Leapfrog algorithms.|[59] The Leapfrog algorithm works by calculating
the velocities first at a half time step, which are then used to calculate the positions
at the full time step, so the velocities and positions are leaping over each other in
steps of one time step, hence the name, the equations used in the Leapfrog algorithm

are:

1
r(to+dt) = r(ty) +v <t0 +3 dt) dt (2.139)

1 1

where the velocities at ¢ are predicted using:

In the Leapfrog algorithm the velocities and positions are explicitly calculated but
can often fall into issues as the velocities and positions are never calculated at the
same time. The Velocity Verlet algorithm can overcome this by calculating the

velocities and positions using the following equations:

r(to 4+ dt) = r(te) + v(to)dt + %a(to)dt2 (2.142)
V(to + dt) = v(ty) + %[a(to) + alto + db))dt (2.143)

As the equations are solved using Euler’s method, the smaller the time step, the
more accurate the calculation. This means there is a trade off between computational

time and accuracy, for the MD runs used in this work a time step of 0.5 femtoseconds
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is used which is small enough to provide accurate forces while being large enough

to perform millions of steps in a standard calculation.

2.5.3 Accounting for Temperature and Pressure

Temperature and pressure are accounted for in a MD run by studying the velocities
and forces acting on the atoms in the simulation. Assuming the system has no net

momentum the temperature can be calculated using:

Z mv3(t)
T(t) = MT (2.144)

where T is the temperature of the system at a time ¢, m is the mass of the atoms,
kp is the Boltzmann constant, and f is the number of degrees of freedom (3N — 3),
where N is the number of atoms in the system.. The pressure in the system can be

calculated by using the forces and ideal gas law equation.

1 do

i j>i

> (2.145)

The simplest type simulation is a Micorcanonical ensemble (NVE) in which the
number of atoms N, the volume V and the energy E of the system are kept con-
stant, allowing temperature T and pressure P to fluctuate, and are calculated using
equations and [2.145] This type of ensemble is often used as it is the most
efficient and provides an accurate representation for systems which are well defined.
If the system is not well defined, then a Canonical ensemble (NVT) or a Isobaric-
Isothermal ensemble (NPT) can be used to set the properties of the system. The
NVT ensemble works by setting the number of atoms, volume and temperature as
constant values, allowing for the system to relax to a certain temperature. The

temperature is controlled by surrounding the simulation cell in a heat-bath which
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can add or remove temperature from the system accordingly, and these methods
of controlling temperature are known as thermostats. The most popular methods
for controlling the temperature are the Nosé-Hoover|60], and Berendsen|61] ther-
mostats. The NPT ensemble works by setting the number of atoms, temperature
and pressure as constant values and uses a heat bath and a barostat in order to
control the temperature and pressure. The most popular are the Hoover|62| and
Berendesen barostats, with both scaling the size of the system so that the pressure

reaches the set value.

2.5.4 DL _ POLY Simulation Package

DL _POLY is an all purpose molecular dynamics simulation package. It can be
completely customised to suit your system by selecting the correct algorithm for
performing the calculation of the velocities, and by setting a thermostat to control
the temperature and pressure of the system. DL POLY uses input files called CON-
TROL, FIELD, and CONFIG. The first file is where the tags that decide the type
of simulation required are included. The latter two are system dependant and con-
tain the potentials (FIELD) and the atomistic positions and velocities (CONFIG).

Examples of these input files are outlined in appendix [7.4] to [7.6]

2.5.5 Ab Initio Molecular Dynamics

All of the dynamics discussed so far have been based on Newton’s equations of
motion, while these can be useful for representing systems on the micro-scale, when
one wants to study small local interactions between atoms, a more complex model
is required. This is where Ab Inito MD (AIMD) comes into effect, this uses the
same equations for calculating the movement of the atoms as the classical MD
(time steps and integration algorithms), and it is the interaction between the atoms

that is calculated using quantum mechanical methods. The first type of AIMD is

103



Chapter 2 Kinetic Analysis and Modelling in Heterogeneous Catalysis

Born-Oppenheimer molecular dynamics (BOMD) which calculates the forces on the
atoms via electronic minimisation using DFT as outlined previously, it then uses

those forces in the classical dynamics equations to move the atoms forward in time.

1
_ _ 2
Lo = Eyi, — E = 3 EZ mir; — Elp(r),r] (2.146)

The Lagragian describing the system derives from the kinetic energy (left term) from

classical mechanics, and the electronic energy as calculated from DFT (right term).

This is a highly accurate approach for calculating the dynamics of a system
as the "potential" being used to describe the system is the highly accurate DFT
calculation, but the downside is that this is extremely computationally expensive,
and is reserved for very small systems for a very small total simulation time. BOMD
is available for use in the VASP package, along with the various thermostats and
barostats mentioned in the previous sections. Alongside BOMD there is also the
option of using Car-Parrinello Molecular Dynamics (CPMD), which is considered to
be more efficient, but this is not available in VASP and is considered outside the

scope of this thesis.
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3 Development and Application of
TAP Numerical Analysis

The next three chapters will be dedicated to the work that I have undertaken
throughout the PhD course. The large majority of the work was performed devel-
oping analysis tools (i.e. CCI-TAP and CCI-TPR) and here I will explain explicitly
the development and testing procedures, and how they have been applied to real
catalytic systems. I will also outline the work performed under the NOVACAM

project, both experimental and theoretical.

3.1 Development of Analysis Software

This first section is dedicated to the development of the analysis software, which
applies the theory used in Section 2.2 (CCI-TPR) and Section 2.3 (CCI-TAP) and
implements it into a graphical user interface outlined in Section 2.1. The develop-
ment of a graphical user interface was seen as the best way to present the analysis
tools in an easily usable fashion. The development of this user interface - and the

underlying MATLAB code is outlined in this section.
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3.1.1 Importing User Data

Before any kind of analysis can be performed, the user must first load in their data.
While this may sound elementary, in practice it can be quite difficult. As different
machines will have different file formats, and the different file formats will have
varying verbosity’s when it comes to outputting the data, trying to generate an all-
purpose input script is an almost impossible task. Instead it was decided to define
a lowest available standard data type which any file type can be easily generated
by a user as a method to load in any data type, alongside having pre-programmed

standards for the common file-types that I have used.

When loading in data - the first step grab the location of the file on the computer.
This is easily done in MATLAB by using the uigetfile function which opens up a file
explorer window and allows the user to locate and select the file. Once the file has
been located it needs to be opened and read using the fopen and textscan functions

respectively.
% Opens file explorer window — try/catch is used to save the filepath.

[fileName , filePath] = uigetfile ({ **.%x’}, Please select TAP pulse’);

% Open the file and set endFile to 0
fid = fopen ([filePath fileName]);
endfile = 0;

% Saves the path to handles structure to keep for later
handles.path = filePath;

% Start timer — For Debugging

2 tic

% Reads through each line of the data

5 fprintf (’Reading in File\n’);
; while endfile "= 1

% Grabs each line and saves it as a string
textdata = textscan (fid , %s’);

data = textdata{1,1};

% When end of file is reached sets endFile to 1
endfile = feof(fid);

2 end
; fprintf(’Finished reading file with %d lines\n’,length (data))

Listing 3.1: Snippet of script used to read in TAP data
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The listing[3.1]shows how the data is initially loaded. The textscan function reads
in each line in the file as string and saves it as a cell array, and as such is universal
for each format. Once the file has been completely read the script attempts to work
out which file-type is being read. This is done by looking for specific markers in
each of the text files, for example in the .Tst file type (used by Idaho National Labs

TAP-2 machine) the second line of the file will always be a line of asterisks (*) as

shown in listing
Ethylene —2s —23C—1PtSiO2 —1.T'st

ok ok ok ok
10 Number of Pulses

1000 Number of Data Points
0 Pulse Delay

2 Collection Time
—0.001468

—0.002438

0.000472

Listing 3.2: Snippet of .Tst filetype used in INL TAP data

Using these specific markers allows the script to identify which file type is being
read. Once the script knows which file type is being read, it can then search for
the various parameters that will be saved in the file (e.g. Pulse Number, collection
time, heating rate). Once the specific parameters are saved the bulk of the data
is then stored by combining the cell array data (from listing [3.1) in to one large
string using the strjoin function, and then reading the large string for floating point
numbers using sscanf. The reasoning behind this seemingly convoluted method is
that the functions strjoin and sscanf are highly optimised and run much faster than
a standard loop.
elseif inldata =— 0

%Data is from INL

npoints = str2double (data{7,1});
peakno = (length(data)—17)/npoints;
handles.datatype = 2;

delay = str2double (data{12,1});
tpulse = str2double(data{15,1});

str = strjoin (data(18:length(data)));

d = sscanf (str, %f’);
data = d;
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12 else

13 fid = fopen ([filePath fileName]);

14 endfile = 0;

15 fprintf(’Data is from Cardiff... loading into arrays\n’);
16 %Reads LAS data type

17 d = sscanf (textdata , %f’");

18 data = d;

19 end

Listing 3.3: Snippet of script used to read in formatted TAP data

If it cannot find any of these marks it defaults to the lowest available standard file
type, which is a text file which contains nothing but the raw output of the machine
(e.g. Intensity). The loading of TPR data follows exactly the same format, albeit

with small changes regarding variables.

3.1.2 Processing the Users Data

Once the raw data has been imported into MATLAB, it needs to be processed. For
TAP data this involves taking the raw data, splitting it apart into each individual
peak, and generating the time array. For TPR data, this involves removing the
experimental parameters by converting the raw data to a 4e/ar thermogram, and

generating the temperature array.

"".-!'-.--' S EC R DR A

Signal Response
Signal Intensity

(a) (b)

Figure 3.1: Example plots of raw data sets a) Raw TAP experimental data b) Raw
TPR experimental data

The raw TAP data as seen in figure [3.1a]is a simple 1d array of the experimental
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response. The first step is to generate the time array. This is done by reading
(or asking the user to manually input) the total number of peaks, and the pulse
response time for each peak. The time array can then be interpolated simply using
the linspace function. The next step is to split the data up into individual peaks,

and save into a 2D array, and then generate a time array for each peak.

9% Generates the peaks

% Sets time axis

time = linspace (0,tpulsexpeakno,length (data));
number = length (data)/peakno;

dloc = find (time > delay);

add = [];

% Splits the data into peaks if we have more than 1 peak
if peakno > 1
for j = 1l:peakno
i = jxnumber;
pt = data(i—(number—1):i,1);
peak (1:number, i /number) = pt;
end

% Required for data from Cardiff TAP—2: Removes final peak.
if handles.datatype =— 0;
%Removes the last peak from peak variable
peak (: ,peakno) = [];
%Removes last peak from the data and time
data ((((peakno—1)*number)+1):peakno*number) = [];
time (( (( peakno—1)*number)+1):peakno*number) = [];
end

averagepeak = mean(peak ,2);
timesingle = linspace (0,tpulse ,length (averagepeak));

7 % If we have only one peak take the whole data as the peak.

else
peak = data;
averagepeak = data;
timesingle = time;
> end

Listing 3.4: Script used to split up TAP response data.

Once the data has been split up and stored in its correct locations it is stored
in a structure which is then saved to the handles workspace as outlined in Section
2.1. For the TPR data the data does not need to be split up (figure , but a
temperature array instead of time is required. The temperature array is either read

directly from the file or generated by knowing the heating rate and the total run
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time. Once the temperature array has been generated for TPR data, the 4/ar curve
is created using a simple numerical integration script. Again the data is stored in a

structure which is then saved to the handles workspace.

%% Creates the da/dT profile for the data
% Creates the alpha profile from the raw data
alph = cumtrapz(Temp, Signal)/trapz (Temp, Signal );

% Differentiates the alpha profile creating dalpha/dt
dadT = diff (alph)./ diff (Temp);

- dadT (end+1) = 0;

Listing 3.5: Script used for numerical integration of TPR response data.

3.1.3 Developing the Front-End GUI

The data itself after processing is stored in the handles of the GUI, which acts a
repository where the required variables and arrays can be taken and placed back
at will. Importing and storing the data is useful on its own, but attempting to
present it and manipulate it in a user friendly format is where a large amount of the
difficulty in developing software arises. The GUIDE GUI creation tool in MATLAB

has been employed extensively in the generation of this software.

In order to get the user to communicate with the hidden scripts, various control
objects are included on the interface (e.g. push-buttons). These control objects are
functions which are activated on a predefined event (e.g. clicking on the button),
and allow a simple method of manipulating and performing complex functions by a

user without a predefined knowledge of the scripts and mathematics.

The data also needs to be presented to the user, this is performed by using
an azes object, which acts as a graph allowing any relevant data to be shown for
that specific script, an example of some of these plotting and data manipulation

commands are highlighted in the appendix listing [7.7]

As the actual generation of a user-interface is not the subject of this thesis,

the scripts used for manipulating, moving, and plotting data have no need to be
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discussed in any great detail. It is the mathematics and programming outlined in

later sections which are of most interest relating to this thesis.

3.2 Application of TAP Data Analysis

Using the methodology outlined in the previous chapter, this section will discuss how
these current methods (and some newly developed ones) have been implemented and
subsequently used in the analysis of real TAP data. The analysis software currently
has multiple functions available, ranging from simple data manipulation and appli-
cation of current knowledge, to the development of new frequency analysis tools for

baseline removal, noise correction, and the gathering of kinetic of information.

3.2.1 Analysis of Experimental Response

Due to the high time resolution and transient nature of the TAP experiment, often
the raw intensity response, without any complex kinetic analysis, is highly insightful
into reaction mechanisms and kinetics. The first example of this is in an experiment
taken as part of a larger project in which propylene was being oxidised to its epoxide
form (propylene oxide). It was known that this reaction can occur through simple

oxidation using O, gas:

/\ § Catalyst T>\
\ +2 0,

CHs (3.1)

Although the reaction would proceed, it did so with a low selectivity and conversion
rate. Later it would be shown|l1| that it is possible to greatly increase the selectivity
and conversion of propylene to propylene oxide by including a stream of H, into the

reaction mixture:
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o

\>\ 0
CH

s (3.2)

/\ FH, 40, Catalyst

The actual mechanism for this increased conversion and selectivity could not be
discerned from the data in the previous paper. This reaction was one of the first
projects that usage of the TAP reactor was found to be applicable. It was theorised
that the H, was generating H,O, on the surface of the catalyst, and then it was the

H,0, that was performing the oxidation of propylene to propylene oxide.

Catalyst Catalyst ©

/\ +tH+0) —— R +H,0, ——
CH, (3.3)

The problem with attempting to prove that the H,O, intermediate exists is that
H,0, will decompose rapidly over almost all catalytic surfaces even at room tem-
perature, and as such it is very difficult to detect. The TAP reactor was a method to
get around these limitations, by pulsing the reaction mixture over the AuPd—TiO,
catalyst, the high time resolution and transient nature of the TAP experiment was

hoped to provide the correct environment for the detection of H,O,.

As can be seen from figure [3.2]it was possible to detect the production of H,0,
using the TAP reactor. From measuring mass 34 (H,0,) while pulsing a mixture of
2% H, in air (recorded at mass 2), and comparing it to a blank signal recorded at
mass 100. It was thought that any increase in intensity between the blank signal and
the signal at mass 34 would indicate a production of H,O,. Being able to detect the
H,0, not only confirmed that it was forming on the surface of the catalyst, possibly
being the reason for speeding up the oxidation reaction, it also laid the groundwork
for attempting to produce H,O, in the gas phase. This work was published as part
of a larger collaboration under the title: Gas Phase stabiliser-free production of

hydrogen peroxide using gold-palladium catalysts in Chemical Science.|2]
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Figure 3.2: Pulsing of 2% H, in air over AuPd—TiO, at 60°C. Red line — mass spec
signal at M/Z 2 (Hs), black line — mass spec signal at M/Z 34 (H,0,), blue line —
"baseline" mass spec signal taken at M/Z 99.

3.2.2 Baseline Prediction and Tail Expansion

When performing a TAP experiment, there will always be a baseline response which
arises from the mass spectrometer. One of the first steps required before analysing
TAP data is to try and remove the baseline. If the experimental response returns
to the baseline over the collection time of the experiment then this process is ele-
mentary. Taking an average of the last portion of the tail of the response curve, and
removing that from the peak can shift it down. As each data set will have differing
response times and collection frequencies, the number of data points required to get
an accurate estimate will vary. Too many points and sometimes it is possible in-
clude some of the tail from the TAP response, too few and the noise will overpower
the baseline and the reading will not be accurate. To counteract this non-standard
amount of points, the user is able to manually select how many points they wish to
include in the calculation using the azes object on the GUI. The process shown in

figure [3.3] is performed using the ginput command in MATLAB:
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Figure 3.3: Selection of baseline cutoff using CCI-TAP

while holder <=10

end

pause (0.5)
start = ginput (1);
try

delete (bplot)
end

if isempty(start)
break ;
else
bline = start (2);
bline = linspace (bline ,bline ,length (time));
bplot plot (time, bline , 'k:’, ’LineWidth’ ,3);
end

points = find (time>max(time) —0.2);

pend
pend
pend
diff

for

= peak (:,1);

= pend (min(points ):(max(points)));
= mean (pend );

= peak—bline;

i = 1:peakno
if handles.datafilter = 0;
p = smooth(peak (:,1));
end
pend = peak (:,1);
pend = pend(min(points ):(max(points)));
pend = mean(pend);
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bline = pend—diff;
peak (:,1) = peak(:,i)—bline (1);

; end

55 k = findall (gca, 'type’, ’line’);

delete (k);
plot (time , peak);
sStructData.peak = peak;

averagepeak = mean(peak ,2);
sStructData .averagepeak = averagepeak;

Listing 3.6: Baseline correction script used in CCI-TAP

This process becomes more difficult when the TAP response does not return to
the baseline during the collection time. In order to correct for this the tail of the
curve needs to be expanded until it reaches the baseline and then the process can
be repeated. For simple experiments (e.g. adsorption/diffusion), it has been shown
that the tail of the curve can be replicated by a simple exponential decay.|3| This
method was used on pre-corrected data, but by including a shifting parameter in

the equation it is possible to calculate the baseline.

F(t) = aexp(bt) + ¢ (3.4)

Using a simple optimisation algorithm it is possible to calculate the variables a,
b, and ¢, the latter of which is considered to be the baseline. For more complex
reactions, this process becomes more difficult. Instead of fitting a simple single
exponential, the tail of the response can be thought of as a sum of two exponential

curves, and as such the function becomes

F(t) = aexp(bt) + cexp(dt) + f (3.5)

with f being the baseline.

Alongside calculating the baseline, expanding the tail is very important for cal-

culating the moments of the response curves, and in normalising the experimental
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Figure 3.4: Tail expansion using double exponential function

data. For the moment equations to be correct the peaks all have to be baseline
correct and return to the baseline during the collection time. Using equations
and the baseline can be expanded (figure [3.4]) and the new expanded data can be

used to calculate the moments.

3.2.3 Correcting for Noise

One of the largest barriers to accurate TAP data analysis is reducing the noise in the
peaks. The noise itself can be broken up into two sections, physical noise which we
characterise as electric interference and vibrational interference, and experimental
noise which relates to the noise in the mass spectrometer. The first type of noise
is considered to be regular and cyclic, and as such is relatively easy to remove, the

latter is random and non-cyclic and as such is very difficult to remove.

There are many standard methods for removing noise from data (also known as
data smoothing), with the most popular being a Savitzky-Golay|4] method, in which

a series of polynomials are used to fit sub-sets of adjacent data points, smoothing
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out the data. While this method is sufficient for data where the noise is minimal,
and the collection time is short, for data in which longer collection times are required

this method is not sufficient.

2.5+ _
| — Experimental

2.0 —— Savitzky-Golay

Second Moment M2

Time /s

Figure 3.5: Comparison of second moment for experimental response and Savitzky-
Golay smoothed response

Figure shows a comparison between the second moment (F.; x t2) for the
experimental response and the Savitzky-Golay smoothed data (data span of 15 with
a 2" order polynominal). As it can be seen, the Savitzky-Golay method does
decrease the amount of noise in the data, but as the second moment is highly
influenced by the tail end of the response (as ¢ increases) any small amount of noise
is greatly amplified when carrying the moment analysis of the data. In order to
remove the small noise fluctuations the Savitzky-Golay smoothing can be repeated
multiple times, but then the shape of the initial response can be altered giving false

results when calculating the kinetics.

In order to get accurate results for the second moment (and hence the kinetics),
all of the noise from the TAP response curve needs to be removed. A new method,

coined as the Laplace Fourier Filtering (LFF) method, based on the TAP response

122



Chapter 3 Kinetic Analysis and Modelling in Heterogeneous Catalysis

2.5 -

] Experimental
204——LFF

Second Moment M2

Time/s

Figure 3.6: Comparison of second moment for experimental response and LFF
method

equations outlined in the previous chapters, has been developed as part of this
thesis, and using this method it is possible to remove almost all noise present in the
data. Figure [3.6| shows the effect of this method on the second moment, and when
comparing figure and [3.6] it is obvious that this new method is far superior in

terms of noise reduction.

3.2.4 Laplace Fourier Filtering

The LFF method works by using the Laplace equations that have been solved for
exit flow (see section 2.3.6) in a thin zone reactor to simulate the exit flow. The

equations are shown below for clarity.

1
Fe:cit =

7/‘T<C(CS7 S)Tcat

cosh(v/2s7,) + | ———=——=—| sinh(v/2s7;,)

28Tin
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for the exit flow of the reactant, and:

\/irp(0057 S)Tcat
\/STn

Fezit =
TT(0057 S)Tcat

cosh(v/2s7;,) + NorT

sinh(v/2s7;,)

25T D1,

x cosh
D
DY

for the exit flow of the product.

The main idea of the LFF method is that all of the analysis is performed in
the frequency domain rather than the time domain, differing from standard regres-
sion fittings. This is because of the relationship between the Laplace and Fourier

domains. The equation for a Fourier transform is as follows:

F(w) = / h F(t)e 7“tdt (3.6)

oo

and the Laplace transform:

with:

s =0 +iw (3.8)

The variable s can be broken up into two components, a real component which
is represented by o, and an imaginary component iw. When comparing equations
and it can be seen that when the real component of the Laplace variable s is set

to zero, the Laplace and Fourier equations are related by the imaginary number i.
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This means that if we transfer the experimental exit flow into the Fourier domain
via a Fast Fourier Transform (FFT), it is possible to simulate the corresponding

frequency domain curve using the Laplace exit flow equations.
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Figure 3.7: Comparison of time and frequency domains for an example TAP exit
flow curve a) An example of exit flow intensity v time for a TAP experiment b) FFT
of example exit flow curve, with real and imaginary components plotted as intensity
v frequency

When performing a FFT on the experimental data, a complex array is formed,
consisting of a real and imaginary part (figure [3.7b). This array can be plotted
as a function of frequency w. The spikes in the frequency domain relate to regular
signals that appear in the experimental response, and these tend to be the physical
components of the noise mentioned earlier. It is elementary to remove these peaks
in the frequency domain by locating the maxima and skipping over them by taking
a linear fit between the neighbouring points. This is performed by taking the second
order difference in one of the components of the frequency domain (as spikes occur
simultaneously in both imaginary and real it is faster to use just a single component)
and then by simply iterating through all of the frequencies it is possible to find where
the maxima occur. Using this method the peaks relating to the physical noise can

be removed.

Figure [3.8 shows that even though the physical noise has been removed from
the frequency spectrum, there is still noise present, and this is considered to be

the difficult to remove ezperimental noise. As this noise is non-regular it cannot be
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Figure 3.8: Intensity v Frequency for TAP experimental response with physical noise
removed

removed via the previous method, and a more complex method is required. It can be
stated that the shape of the frequency domain response is what defines the shape of
the time domain response, and that a TAP experimental response can be simulated
using the Laplace exit flow equations. As such it can be considered that using the
Laplace exit flow equations it is possible to recreate the frequency response for the

experimental data, but with all of the noise removed.

The first step in performing the curve fitting is to normalise the frequency re-
sponse of the experimental and simulated curves, standardising the data. As the
data is normalised, the explicit intensities of the peaks are removed, and as such
only the shape of the frequency responses are being compared. As it is only the
shape of the response, not the intensity, that is being measured, any kinetic infor-
mation that could have been gathered from the explicit values of the variables in
the Laplace function is considered moot. Once the curves have been standardised a
global multistart optimisation method, alongside the fmincon function in MATLAB

are used to minimise the residuals between the real and imaginary components of
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the experimental and simulated frequency responses.

The particular variables of interest in the reactant Laplace equation are the
kinetic model function r"(Ceg, s) and the residence times in the inert and catalytic
zones. From the solution to the equations at s = 0 it was stated that via a Taylor
Expansion a second order polynominal can be used to describe the kinetic model

function|5]:

" (Cog, 8) = 1° +rls + ris? (3.9)

While this holds true at s = 0 and as such the basic kinetic coefficients and kinetics
derived from these parameters are still true, when attempting to simulate a curve
numerically this function no longer holds as s needs to be sampled from —oo to

+oo. Figure shows a comparison between the explicit and Taylor Expansion
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Figure 3.9: Second order polynomial v explicit rate model calculated numerically
in frequency domain a) Three coefficient model from Taylor Expansion b) Explicit
kinetic model for adsorption/desorption/reaction

models when simulated in the frequency domain. Instead of using the three coeffi-
cient model, the LFF method uses a more standardised model, which should fit the
majority of kinetic models and has shown to be able to replicate the majority of the

explicit kinetic models with high accuracy.
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a—+ bs
c+ds

TT(Ccs,S) = (310)

Using the global optimisation method it is then possible to recreate the full fre-
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Figure 3.10: LFF four coefficient v explicit rate model calculated numerically in
frequency domain a) Generalised kinetic model used in LFF method b) Explicit
kinetic model for adsorption/desorption/reaction

quency curve with the noise removed. As the only interest is in replicating the
shape of the curve, the parameters that are in equation [3.10] are considered have
no direct kinetic meaning, although one can attempt to correlate them to a given
kinetic model. The curves are compared using a simple residual sum of squares
method, with a scaling factor which favours the lower frequencies. This scaling is
important as the lower frequencies have a much larger effect on the overall shape of
the time domain response, and hence should be considered more important by the
global optimisation algorithm. Once the curve has been simulated in the frequency
domain, it is simple to return it into the time domain using an Inverse Fast Fourier
Transform (IFFT). Figure shows that the TAP response curve has now been
recreated in the time domain, but with all of the noise removed. In order to confirm
that the correct curve has been created the residuals between the simulated and
experimental response can be studied. Figure clearly shows that the residuals
are centred on zero, and as such it can be stated that the curve that is being gener-
ated using the LFF modified Laplace exit flow function is fully recreating the true

experimental curve that is being hidden by the noise.
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Figure 3.11: Intensity v Frequency for TAP experimental and simulated responses
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Figure 3.12: Intensity v time for TAP experimental and baseline-shifted simulated
responses

Another benefit of using the LFF model over standard noise reduction techniques
is that the simulated Laplace function is simulated with a zeroth baseline. In figure
the baseline has been added back into the frequency domain curve by borrow-
ing the zeroth frequency point from the experimental frequency domain curve. This
means that by using the new LFF method it possible to fully recreate an experi-

mental response curve with all the noise removed, and baseline corrected, allowing a
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Figure 3.13: Residuals v time for the TAP experimental and simulated response

moment-based kinetic analysis to be performed with a level of accuracy not possible

using previous methods. A sample script for performing the LFF method is included

in the appendix

3.2.5 Confirmation of the LFF Regression Technique

In order to confirm the validity of the LFF regression technique, a set of inert,
product, and reactant curves will be simulated, and then they will be treated with
noise which by superimposing a blank mass spectra of their respective simulated
M/Z values. In order to simulate the curves a reversible adsorption / reaction model
was chosen, therefore the two Laplace reactivity (r(Ces, s)) terms in the equations

describing exit flow in a thin zone TAP reactor are:

k?a(kd + S)

" CCS? =57
’I“( S) kd+kr+s

(3.11)

130



Chapter 3 Kinetic Analysis and Modelling in Heterogeneous Catalysis

ka kd

rP (00573) = m

(3.12)

where k,, kg, and k, are the rate constants for adsorption, desorption, and reaction

respectively. It should also be noted that equations [3.11] and [3.12] both can be

recreated by the generalised LFF function seen in equation [3.10] with the former
containing all of the constants, and the latter having the parameters b set to zero.
The curves were simulated using values of 100, 25, and 10 for the k,, k4, and k.
respectively, with residence times of 7;, = 0.3698s and 7.,; = 0.043s, and for the
physical parameters for the reactor bed a void fraction vale of n;n = 0.8, and the
lengths of the reactor and catalyst zone were L, = 4.3cm and L., = 0.4cm, finally
the masses for the gases were taken to be 40, 44, and 28 for the inert, reactant, and

product respectively. The resulting simulated curves can be seen in figure [3.14]
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Figure 3.14: Inert, reactant and product curves simulated using TZTR exit flow
equations, and a reversible adsorption/reaction mechanism a) Original simulated
curves b) Original curves with added noise

In order to test the validity of the LFF technique, the basic kinetic coefficients
were calculated for the simulated, noisy, LFF corrected, and a Savitzky-Golay (15
data point span, and a 2"¢ degree polynomial) corrected curves. Those kinetic
coefficients would be used to calculate the various kinetic constants via the method
shown in section 2.3.8. The curves generated from the LFF algorithm can be seen in

figure [3.15] and figure for the SG corrected curves, and finally the basic kinetic
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coefficients and rate constants can be found in table

Table 3.1: by means of and kinetic parameters calculated from moments of simulated

TAP responses

ry o rh o rY rh ko ke Ky

571 - s 571 - s s7b st sl
Original 28.6 2.04 -0.058 28.6 -0.82 -0.351 100.0 25.0 10.0
Original + Noise 28.6 1.09 1.075 28.6 -1.42 0.604 30.2 0.1 1.1
SG Corrected 28.5 0.42 1.042 286 286 0502 280 0.0 04
LFF Corrected  28.6 2.05 -0.060 283 -0.83 -0.353 98.9 243 99
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Figure 3.15: Simulated curves + noise compared with the curve calculated from the
LFF regression technique a) Simulated reactant b) Simulated product
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Figure 3.16: Simulated curves + noise compared with the curve calculated from the
SG smoothing a) Simulated reactant b) Simulated product

As can be seen from figures [3.15 and [3.16b] the SG filtering and LFF algorithm

both seem to recreate the shape of the curves by simple examination by sight, even
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with the experimental noise added to the peaks. The by means of in table [3.1]
show that the zeroth moment is largely unaffected by the noise present in the data,
but when the higher degree moments are taken into consideration the noise has
a large effect, which is then compounded when calculating the kinetic by means
of giving the erroneous results seen. This error due to noise is even present in
the SG filtered curves, even though the noise has been lowered dramatically. This
arises because the SG filtering can only smooth a curve, based on the current data
points, and therefore any underlying structure that has arisen from the background
noise becomes very difficult to remove completely. It can then be stated that when
analysing experimental response data, if the zeroth moment is the only parameter
being studied, to save on computational demand the LFF algorithm is not required,
but if any further kinetic study wants to be performed then the LFF algorithm
will be mandatory as even with high quality filtering techniques, the higher order

moments and kinetic by means of will be largely effected by the noise.

3.2.6 Moment Analysis and Calculation of Kinetics

The mathematics for the moment analysis for calculating kinetics from TAP ex-
perimental response curves has been outlined the section 2.3, and in this section
the method for calculating these moments is outlined. For the sake of clarity the

moment equations are displayed here: Definition of a Moment:

M, - / (B ()t
0

For the reactants:
1

T __
0 =T———
1+Tcat7n6

M7 : TeatTh
= TeatTy + Tin 1+
MF? 3

133



Chapter 3 Kinetic Analysis and Modelling in Heterogeneous Catalysis

2
MQT M{ Tin, 7_in7_cat7ﬂ6

Y Qg
MR g ey 5

+ ZTcatTI + Tin

For the Products:

P __ T p
MO — M()Tcatr()

M{) 7’11) Tin DzTn
Vé’:_ng D 8M0 +3+9D_fn +7'catMo7"0

p p r2._ 2

YA Ty

D;‘nTiHQ
+ o7 g DG+ 8M) T+ 12M ) = 1219
7
— —((3+ 8M)Tin - -
6 0
2 5 1
+ 12M6T7£Tcat) + Tin @-’— EMS(ZS 4 40M6~)

1
+ EMS(S + 16 M) TinTear + 2M6"Tcat(M5r{QTmt —rp)

Where 7.4, Tin, are residence times in the catalyst and inert zones, and r,, are the

basic by means of for the reactants r” and products r?. Once the data has been noise

and baseline corrected, the next step is to calculate the moments. The moments

are always normalised to the intensity of the inlet pulse, which means that for a

Knudsen non-interacting curve the zeroth moment (M) should always be equal to

one. This means that by knowing the composition of the reacting gas mixtures the

zeroth moment for the reactant can be calculated using the explicit experimental

moments.

MOT‘ = Remp X Rgas X Ry

134



Chapter 3 Kinetic Analysis and Modelling in Heterogeneous Catalysis

Where My, is the inlet pulse normalised moment for the reactant and:

MET‘

Rexp = M_E

T,
Ryas = Bons = 7 (3.14)

B
P,
Where R, is the ratio of the experimental responses for the reactant Mg, and the
inert Mg;, Rgqs is ratio of the gas that is the inert P and the amount that is the
reactant P., and R,,s is the ratio of the collection by means of for the inert and
reactants (fragmentation pattern, ionisation cross section, transmission coefficient,
detection coefficient) the latter of which is highly variable for each gas detected,
an example of calculating this can be found in the literature|6]. For example if an
experimental response of 4 is calculated for the inert, and an experimental response
of 0.5 is calculated for the reactant, and a 2:1 ratio of inert to reactant is pulsed
into the reactor with a collection coefficient of 3:1, then the inlet pulse normalised

moment for the reactant can be calculated as 0.75:

My, = — x

052 =0.75 (3.15)
4 "1 - '

3
1
Using this method the normalised moments are calculated from the experimental
response without any quantification of the TAP experimental response required,
which is notoriously difficult to perform. Once the experimental curves have been
area normalised to the inlet pulse, the first and second moments are simple to

calculate using the standard moment equation.

Once these moments have been calculated, the next step is to attempt to calculate
the basic kinetic by means of, for the reactant this is simple and only requires two

parameters, 7.,; and 7, which are calculated using;:

€1nL12n LrLcat
Tin = 2D1n Teat = 2D1n

(3.16)

Both equations shown in [3.16| are a function of the length of the catalyst zone, L.at,
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the length of the reactor L,, the fractional voidage of the reactor ¢;,, and finally the
Knudsen diffusivity D;,. The three parameters L,., L.., and ¢;,, are simple physical
constants and are easy to measure for a given reactor setup, the diffusivity’s are
more difficult to calculate and therefore the following method attempts to perform

the calculations without them.

The residence time in the inert zone of the reactor for the inert peak can be

calculated from the ratio of the first moment to the second moment|7]:

Mli
B MOi

(3.17)

Tin

The residence time in the inert zone for the reactant peak can then be calculated

using:

Ting = Tin,i (318)

Where M,,; is the molecular weight of the inert gas, and M,, is the molecular
weight of the reactant gas. This relationship stems from the fact that the diffusivity

is purely a function of the molecular weight:

D—

di=——d, (3.19)

3\ 7M, Co3(1—e)

€
tr
Where the variables ¢, t,., d;, R, and T are constant for a given pulse. Once the
residence time in the inert zone for the reactant has been calculated, the residence

times in the catalyst zone can be calculated by simple rearrangement of equations

0. 10l

L catTin

5er

(3.20)

Teat =
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Using this method it is possible to get all of the required parameters for calcu-
lating the basic kinetic by means of for the reactant using only simple to measure
physical parameters. The calculations for the coefficients are outlined in the 2007
paper by Shekhtmen et. al.[8], and are outlined in section 2.3.8. The equations are

repeated below for clarity.

1 — Mj
ro =
0 TcatMg
; M7 1 T
"n=——"—">5"Tin Y
! Tcat-]\f(y),2 cat 3
Mzr MfQ Tin | TinTo Tin
—Ty = - + — +2r] +
2 2Tcat M 6 2 Teat M 6 3 6 5 ! Teat
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Y4 T T T
MET 12 DY
o To | ME o 19D] T,
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o2\ My 16D
Tin DY ¥
— 8Dlpn X (3 =+ 8Mg)7—7,n + 12M5T1{Tcat — 12%
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+ _p((3 + 8M5)Tln + 12M5’f’71a7'cat) ce
679
) ) 1
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Once the kinetic coefficients for the reactants have been calculated, they can be
used subsequently to calculate the kinetic coefficients for the product. The kinetic
coefficients for the products also include the ratio of the diffusivity of the gases, but
as equation [3.19 shows, the diffusivity is purely a function of the molecular weight

of the gas. The ratio is simple to calculate using the following equation:

1
Dr M, A
in — D?"atw (321)
P n
My,

Using these methods it is possible to calculate the basic kinetic coefficients for
the reaction, and hence understand the kinetics, with only measuring the length of
the reactor bed L,, the length of the catalyst zone L., and finally the fractional

voidage of the reactor bed g, all of which are simple to measure or estimate.

3.2.7 Kinetic Analysis of Experimental Data

Using the methods outlined in this thesis it is possible to get highly detailed kinetic
information for a specific reaction with minimal user input. Using only three pa-
rameters (L,, L.., and ¢;) a large quantity of kinetic information can be gathered
for the reaction. Due to the transient nature of the TAP experiment, each pulse
is considered a snapshot of the catalyst at that specific state, and by performing
a mutli-pulse experiment, it is possible to get snapshots of the catalyst at varying
temperatures, catalyst states, and surface concentrations just to name a few, and
now for the first time it is possible to gather in-depth kinetic information from these

snapshots with only minimal user input.

The LFF algorithm, which has been shown to be vital for understanding in-

depth kinetic information on a process, has been applied to a system where a cat-
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alyst (4 Pt—Mo,C) was heated from room temperature to 400°C, a 1:1 mixture of
CO/Argon was pulsed, and M /Z(mass divided by charge) values of 40, 28, and 44
were recorded via a quadrupole mass spectrometer for a total collection time of 10s
per pulse. The CO (M/Z 28) is expected to form CO, (M/Z 44) via the Boudouard
Reaction, during which the CO reversibly dissociates into C and O on the surface

and the dissociated O then reacts with the incoming CO to form CO,.

2CO == CO, + C 5.22)

Throughout the experiment as the temperature is increased linearly, this means that
it is simple to assign a temperature to a pulse number. The M, (the total area under
the response curve) is plotted as a function of pulse number in figure[3.17] there are a
total of 1152 pulses (383 at each mass) recorded throughout the experiment. As the
current version of the LFF algorithm is very computationally demanding a selection
of 14 peaks recorded at various temperatures were taken to be filtered in order to be
able to plot the trends with temperature while reducing the computational demand.
These 14 peaks should be able to recreate the full kinetics of the pulse sequence,
as assuming that the pulses are performed in a state defining regime (where each
pulse does not change the state of the catalyst significantly) each individual pulse
should have similar kinetic characteristics the nearby surrounding pulses. The r
values were calculated for the reactants and the products from the moments of
the response curves using the equations outlined in the previous sections. For the
physical parameters of the reactor bed, the length of the reactor was measured to
be 4.3 c¢m, the length of the catalyst zone was measured to be 0.3 cm, and finally

the void fraction of the reactor bed was measured to be 0.52.

From studying the zeroth moments shown in it is clear that after approxi-
mately 130°C with increasing temperature the conversion of CO increases relatively
linearly (from decreasing M), but when studying the M, for CO, there is no longer

a linear relationship with temperature. This could be an indication of some change
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Figure 3.17: Zeroth moments taken from experimental data for 4 Pt—Mo,C a) Cal-
culated My from experimental data b) Calculated M, normalised to inlet (inert)
pulse size.
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Figure 3.18: Calculated basic kinetic coefficients for the reactants on the original and
the LFF corrected data. a) Calculated 7 coefficients b) Calculated r; coefficients
c¢) Calculated ry coefficients

in either the surface (e.g. increasing surface area and henceforth activity) or the
reaction mechanism, although it is important to note that these are more likely not
mutually exclusive. To understand if the reaction mechanism changes one can study

the basic kinetic coeflicients.

Similar to the testing performed in the previous section, the calculation of the
zeroth basic kinetic coefficient (1) was largely unaffected by the LFF algorithm
(figure , with the general trend being increasing adsorption with increasing
temperature. Where the LFF algorithm starts to show its effectiveness is under-
standing coefficients which rely on the higher order moments (i.e. 77 and 73 which

rely on M; and M, respectively). Not only do the magnitudes of the coefficients
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vary drastically when comparing the original data to the LFF filtered data, but the
trends with temperature also have large variance. The increase in magnitude can be

attributed to the multiplicative effect on the noise with increasing time and moment

(fgure B19).
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Figure 3.19: Moment integrands v time for the first three moments for the reactant
pulse.

The most interesting coefficient for understanding a surface based catalytic reac-
tion is the second coeflicient r} as this relates to the apparent time delay caused by
processes occurring on the surface (or internal) and can provide more insight than
looking purely at a conversion coefficient (r{). It is clear from the second coefficient
(figure that at 200°C there is some large shift in the reaction mechanism that
is occurring on the surface which causes a much larger apparent time delay on the
surface of the material. This large shift in surface delay of the CO is followed by a
plateau in conversion to CO, when comparing the general trend with temperature.
This could point towards some phase transition on the active site of the material at
this specific temperature which causes the recombination of C and O to form CO

or the formation of CO, to be much slower.

In a similar fashion to the coefficients shown in figure [3.1§| the coefficients calcu-

lated for the products (figure [3.20]) are greatly affected by the LFF algorithm. The
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Figure 3.20: Calculated basic kinetic coefficients for the products on the original and
the LFF corrected data. a) Calculated ry coefficients b) Calculated r; coefficients c)
Calculated ry coefficients

trend in the rf coefficient is similar in the original and in the filtered data, but if
one looks at the scales on figure the absolute values of the coefficients differ
massively, and this scaling factor is a trend throughout all of the product basic ki-
netic coefficients. The calculated 7 values, which relate to the rate of production of
the CO,, also shows a plateau at approximately 200° mirroring the experimental M
values. In the higher order coefficients (r] and %) it can be seen that the apparent
time delay relating to processes occurring on the surface of the material falls to zero,
this means that the reformation of CO, is happening very quickly on the surface.
This would indicate that the change in the material that causes the plateau in CO,
causes the CO splitting to slow down limiting the increase in rate of formation that
one would expect with increasing temperature. With more time to investigate the
calculated data, and by comparison with similar materials or reactions one could
massively increase the quality of the analysis. The idea being put forward in this
section is that the LFF algorithm is vital for calculating the higher order moments

(and kinetic coefficients) in long time response data.

3.3 Summary

In this chapter the basis for designing software for numerical analysis has been

outlined, and the idea is that by automating some of the complex mathematics in
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a robust fashion, any human errors can be removed. Alongside the development
of software this chapter also discusses the Temporal Analysis of Products reactor,
and complementary software (CCITAP) designed to process and analyse the raw
experimental data. The TAP reactor has been shown to be an extremely powerful
tool for catalysis, the transient nature of the pulses allow the probing of catalyst
states, and the small and rapid pulse allows intermediates that would be lost in other
analysis methods to be discovered. It was shown in section 3.2.1 that the perceived
intermediate for the epoxidation of propylene (H,0,) which was not possible to
observe in standard flow reactor systems was detected using the TAP reactor. This
ability to delve deeply in to various catalytic mechanisms is bolstered massively by
the deep numerical analysis. By automating this into the CCITAP code, it becomes
readily available for any user to perform with little knowledge on the actual functions
themselves. Finally the last sections are devoted to the Laplace Fourier Filtering
(LFF) algorithm developed throughout this thesis. By building upon the current
literature of the well defined diffusion of the gas through the reactor and applying
a new generalised kinetic model alongside a new technique of filtering data in the
Fourier domain the quality of experimental data is increased dramatically, and the
more in-depth analysis involving the higher moments now becomes a possibility for
almost any data set. The overall aim of this project has been to make TAP more
desirable to the wider community by removing some of the large barriers to entry
that exist in the form of the complex numerical analysis and problems relating to
a lack of proper filtering. Although there are still some limitations to the current
methodology (the large computational demand for one) it is hoped that the work

outlined in this chapter has provided a strong base for others to build upon.
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4 Development and Application of
TPR Numerical Analysis

4.1 Application of TPR Data Analysis

Similar to the previous section, the methodology for analysing TPR experimental
curves has been implemented into the CCI-TPR program. The software can be used
to baseline correct, deconvolve, and analyse experimental thermograms to a level of

accuracy not available in current methods.

4.2 Baseline Correction

In TPR experiments, attempting to remove the baseline is one of the most important
tasks, as the shape of the baseline has a drastic effect on the shape of the reduction
peaks. The major problem in baseline correction is that unlike TAP there is no
definite flat baseline due to the nature of the experimental method. As such an
exact mathematical method is not available for baseline removal, and therefore it is
completely subjective to the user what is considered to be the baseline. To counter-
act this, multiple methods of removing the baseline are included in the CCI-TPR

software, ranging from simple linear fitting to more complex polynominal methods.

In order to make the removal of the baseline more user-friendly, it is completely
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Figure 4.1: Baseline correction in CCI-TPR software

interactive (figure in the CCI-TPR interface. The user will select start and end

points and which method they would like to use, and then the baseline correction is
performed.
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Figure 4.2: Baseline correction of TPR data a) Raw TPR signal b) Baseline corrected
TPR signal

Once the baseline has been removed using the desired method (figure it is

possible to create the correct do/ar which is required for the data analysis.
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4.3 Deconvolution of TPR thermograms

The majority of materials studied by TPR tend not to reduce via a single process,
and as such the experimental thermogram can be considered to be combination of
several different reduction processes. Deconvolution of a thermogram is a highly
desired process, as it allows the breakdown of each individual reduction step in
the material, which can be used to gain insight into the kinetics of the reduction
processes of the material, which can give invaluable insight into the properties of

the materials properties.
When attempting to simulate a TPR thermogram using the methods outlined

in section 2.2, the standard kinetic equation can be used:

da_da _ 4 — F, i1
E_d_Tﬂ_ f(a) exp RT (4.1)

If there are multiple processes, equation can be re-written as:

da da N — B
Ezd—Tﬂ:;(Aif(ai)exp( RT, )) B (4.2)

Where i is the i** index of N total number of reduction processes, and P; is the ratio

of the i*" process to the the total process, i.e.

/T dai
o di

p=20H 4.3
/T dom (4.3)
7, di

Using equation it is possible to recreate a complex multi-process TPR reduction

thermogram.

If the reduction profile can be recreated using equation [4.2], at first sight, it could
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be theorised that a certain set of parameters for A and E,, and a given kinetic
model f(a), will give a specific shape for a reduction profile and therefore using
standard optimisation and regression techniques the underlying kinetic constants

for a reduction process can be calculated using equation [4.2]

|—— Signal
SRt Simulated
- Peak 1
0.0064 . Peak 2
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S
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300 400 500 600 700 800 900 1000
Temp /K

Figure 4.3: Simulated TPR thermogram using a three process kinetic model

Figure [4.3] shows a TPR thermogram that has been recreated using the kinetic
equation [£.2] with an assumption of three reduction processes. There are multiple
issues with this method, which will be outlined in the following sections, and in
order to get an accurate deconvolution and estimation of kinetic parameters a new

method has been developed.

In order to accurately deconvolve the thermogram, the total number of peaks
needs to be known. The new method outlined in this thesis states that instead
of studying the shape of the thermogram, one should be studying the activation
energy profile instead. The activation energy profile is calculated from a thermogram
which has been repeated at least three heating rates, using the Kissinger, Flynn-
Wall-Ozawa, Friedman, and nonlinear-procedure methods outlined in section 2.2.

Assuming that applying these methods is accurate, it is elementary to calculate the
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activation energy profile using a MATLAB script (see [7.9). The activation energy
profile is then interpolated using a shape-preserving piecewise cubic interpolation
method, which allows accurate estimation of the energy profile at specific degrees of
reduction (it has been found that each 200" degree of reduction provides a sufficient

resolution for analysis).

In order to test the method, a three-peak thermogram was simulated using equa-
tion [4.2] and the kinetic parameters shown in table [£.1 The thermogram was simu-
lated at three heating rates of 5, 10 and 15 K min~!, and random noise was included
in order to replicate experimental data. The activation energy was then calculated
at each 200" degree of reduction.

Table 4.1: Coeflicients used to simulate TPR thermogram using kinetic equation

Peak A E, m n 0 D
1 20000 65.0 0.29 1.79 0.080 0.40
2 2000 95.0 0.00 0.54 0.010 0.20
3 8000 80.0 0.60 1.00 0.000 0.40
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Figure 4.4: Testing of deconvolution procedure a) Simulated TPR thermogram at 5
K min~! with added random noise b) Calculated activation energy profile

In order to perform the deconvolution of the thermogram, the activation energy
profile can be assesed. For well separated peaks with a low value of 7, E,(«) will
essentially be constant as a function of degree of reduction, with the shape of the
profile shifting as two processes begin to overlap. As the peaks become more convo-

luted the shifts expected between the different TPR processes become more gradual
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and it can be difficult to understand where one process begins and another ends, and
estimating the number of processes occurring can be difficult. What was proposed
is that instead of studying the E,(«) profile, the d4Ea/4a profile is calculated instead.
As the rate of change of activation energy for a single process is considered to be
constant, if there is any significant peak (or minima) in the d%a/da profile it can be
assigned to a change from one reduction process to another. When calculating the
dEa /4 profile it is recommended that you use a combination of the four methods
(Friedman, Kissinger, FWO, and the nonlinear procedure) is used when calculating
the activation energy profile in order to minimise the effect of the errors in each

individual methods.

20 - .
nonlinear procedure
|.—— Kissinger , .
161 FWO _
1l + Friedman |
= 12— -. » .
2 .
" .
T 8
4_ L] “.
0+==

041 02 03 04 05 06 07 08 0.9
Degree of Reduction a

Figure 4.5: 4Za/da profile calculated for the simulated TPR thermogram

From the four methods used to calculate the dEa/aa profile, it can be seen that
the Friedman method provides little to no insight into the number of processes
occurring. This is because the Friedman method is based on the shape of the peak,
and therefore it is highly sensitive to noise, causing the lack of structure in the
dEa /4o profile. Using the other three methods it can be seen that there are two
peaks in the dFa/ia profile, and therefore it can be assumed that there are at least

three reduction processes occurring in the thermogram. The plot in figure is

150



Chapter 4 Kinetic Analysis and Modelling in Heterogeneous Catalysis

only shown for degrees of reduction 0.05 < a < 0.95, as at low and high values of
« the signal to noise ratio is much lower and hence gives anomalous results. This
method allows deconvolution of the number of reduction processes, as long as there
are distinctly separate processes occurring with different activation energies. If two
processes which are highly convoluted and have very similar activation energies,
they cannot be separated by this method, or any other current method, but at these
extreme cases the idea of separate reduction processes becomes more a philosophical

question than a chemical one and hence are outside the scope of this method.

4.4 Calculation of Kinetic Parameters

Once an estimation of the number of reduction processes has been performed using
the method outlined in the previous section, it could be theorised that the kinetic
parameters can be calculated via regression and optimisation as shown in figure [d.1}
but this method is still flawed even if the number of reduction processes are known.
Instead in the new method, it was proposed that the regression and optimisation

should be performed on the activation energy profile (4.4bj).

The temperatures of reduction, and the activation energy for the reduction pro-
cess at that temperature can be assumed to act as a fingerprint for that material,
and as such only a specific combination of processes will create that activation en-
ergy profile. Using this principle, it is possible to attempt to simulate an activation
energy profile using equation [£.2] Recalling section 2.2 calculating the activation
energy uses the integral form of the kinetic equation, unfortunately as there is no
direct solution for the integral form of the kinetic equation, it is easier to simu-
late the de/ar profiles, combine then, adding rudimentary noise via random number
generator with a range of + /- 0.0002, and then finally using a cumulative integral,
recreate the alpha profiles at three different heating rates. The kinetic model used

in the algorithm is the generalised Sestak Bereggren model, as it has been shown to
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be able to fit to the majority of TPR thermograms. An example script is shown in

listing [4.1}

1 B

> for i = 1:length(beta)

3 for j = 1:c¢l % Loop over number of processes
1

%Unpacks variables
; A = variables (j,1)*10;
6 Ea = variables(j,2);
7 m = variables (j,3);
8 n = variables (] ,4);
9 g = variables(j,5);
10 prop = variables(j,6);
11 A = exp(A);
12 Ea = Eax10000;

14 %Simulates Curves using Euler’s method

15 [dadTs,”] = TPR_function(A,Ea,m,n,g,Temp(i,:), beta(i));

16 psim(i,:) = psim(i,:)+dadTs.*prop’;

17 end

18 % Create final alpha profile using cumulative integral

19 asim (i ,:) = cumtrapz(Temp(i,:) ,psim(i,:))/trapz(Temp(i,:) ,psim(i,:));
20 end

21

Listing 4.1: Loop used to simulate alpha profile for multi-process TPR curve

Once the alpha profile has been generated, an activation energy profile can be
calculated using the one of the four standard methods. For the regression algorithm
only the Friedman profile is used, as it is based on the shape of the d@/ar profile and
hence is considered to be more accurate than the relationship between temperature

and degree of conversion that the other methods are based on.

Figure [£.6] shows that even with the added random noise the algorithm is able
to predict the correct activation energy profile, and hence the correct shape for the
da /g curve. When comparing the actual to the fitted parameters from table , it
can be seen that the algorithm is able to recreate the initial parameters with a high
level of accuracy. Due to the fine nature of the value of v, the regression algorithm is
able to get a close estimate due to the robustness of the local and global optimisation
algorithms, as at the low values of « there will be many local minima surrounding

the global minima.
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Table 4.2: Coeflicients calculated from regression algorithm

Peak A E, m n y D
Actual: 1 20000 65.0 0.29 1.79 0.080 0.40
2 2000 95.0 0.00 0.54 0.010 0.20
3 8000 80.0 0.60 1.00 0.000 0.40
Fitted: 1 21016 65.2 0.30 1.87 0.079 0.41
2 1836 94.0 0.03 0.52 0.018 0.20
3 8356 79.8 0.62 0.98 0.009 0.39

In order to test this process further, the algorithm was repeated using a two-peak

and a single peak curve using the same parameters from table 4.1  For the two
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peak curve, by studying figure [£.7] and

comparing the parameters in table the
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Table 4.3: Coefficients calculated from regression algorithm

Peak A

E, m n ol P
Actual: 1 20000 65.0 0.29 1.79 0.080 0.67
2 2000 95.0 0.00 0.54 0.010 0.33
Fitted: 1 19935 64.9 0.30 1.76 0.084 0.67
2 1833 94.1 0.02 046 0.023 0.33

algorithm is able to recreate the two peak curve with a high level of accuracy. Again

the v parameter seems to be difficult to

fix, again this is most likely due to the noise

causing multiple local minima around the global minima. The parameters P, A and

E, are replicated with very high levels

of accuracy, which are the more important

parameters, the reasoning why will be outlined in the next section.
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