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Summary

Pulsed Activation in Heterogeneous Catalysis

Catalytic processes make up a large part of chemical reactions operated industrially.
Bulk chemical reactions are typically operated in a continuous manner, keeping the
profile of reaction conditions such as temperature, pressure and concentration in
the reactors constant over time and space. A large advantage and simultaneously
also an important limitation of this approach is that the intrinsically non-linear
behavior associated with transient phenomena is not present. In this work the non-
linear effects of applying temperature pulses to catalytic processes are investigated.
Specifically, it is aimed to achieve fast and accurate control over the rate of reaction in
catalytic systems by applying a rapidly varying temperature to the catalytic surface.

Thermodynamics sets the boundaries for what can and cannot be achieved with
chemical reactions. However, even within the constraints of what thermodynamics
allows there is still a gap to be bridged between the current generation of industrial
reactors and theoretical ’perfect’ reactors. Within the field of process intensification
researchers are working to close that gap. Most of their attention is focussed on
the structural, thermodynamic and functional domains of processes. Due to the
relatively recent developments in microreactor technology as well as computer and
microchip technology it has now become possible to make reactors which are fast
enough to explore the temporal domain.

At very low temperatures, catalytic reactions typically cannot proceed because
there is not enough energy available for the reactants to overcome the activation
barrier. At very high temperatures, the reactions cannot proceed because there is
soo much energy that the reactants do not stay adsorbed on the catalytic surface but
desorb back into the gas phase. In traditional operation of reactions the temperature
is somewhere in the middle such that adsorption, surface reaction and desorption
processes can all take place simultaneously. In this work, an alternative mode of
operation is investigated which alternates between the very low temperature regime
and the very high temperature regime so quickly that the reaction system never
settles in a steady state when switching. This novel mode of operation is named
pulsed activation.



Neglecting thermal and physical inertias, pulsed activation is investigated in
simulation for three prototype heterogenous catalytic reactions. For these prototype
systems it is indeed possible to achieve fast and accurate control of the rate of
chemical reaction on the surface. This is achieved by varying the pulse parameters
of frequency and amplitude. Furthermore, it is shown that for certain sets of kinetic
parameters pulsed activation gives a fundamental increase in reaction rate and/or
selectivity over any possible steady state temperature operation.

To investigate the pulsed activation experimentally, a setup was built which uses
a 200 nm thin platinum strip on a silicon wafer as a catalytic layer. The layer is
heated in approximately 15 µs by application of an extremely high current density.
At the time of construction it was unknown to what degree a layer can be heated
repeatedly without breaking. It is found that the maximum temperature pulse that
can be applied repeatedly represents a temperature increase of approximately 250 K.
These pulses are significantly larger and three orders of magnitude faster than any
periodic temperature setup known from literature. The operation of the setup is
automated such that experiments have as high as possible repeatability.

The temperature pulses were applied to three of the most well studied catalytic
reactions, namely CO oxidation, H2 oxidation and C2H4 hydrogenation. For all three
reactions the temperature pulses can be used to achieve fast and accurate control of
reaction rate. In all three reactions the temperature pulses result in a significant time
averaged rate increase as compared to applying the same amount of average power
to the platinum using a DC source. The highest amplitude and frequency of pulses
available results in the highest relative rate increase. Specifically, depending on the
reaction and base temperature conditions, the reaction rates increased by a factor of
three to nineteen at the highest amplitude and frequency of pulses available. These
rate increases are realised by applying a high surface temperature for at most 0.05 %
of the time. It is shown that it is likely that truly transient phenomena are observed
but unfortunately this could not be proven convincingly from the available data.

The thesis concludes by discussing the wider context of the results obtained and
making recommendations for future research into the pulsed activation concept.
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One of the principal objects of theoretical research is to
find the point of view from which the subject appears
in the greatest simplicity.

Josiah Willard Gibbs

1
Introduction

This work proposes and explores a special mode of operation for catalytic reactions
named pulsed activation. Due to the multidisciplinary nature of the work it is
important that the reader have a rudimentary understanding of the domains in
which the concept lives. Therefore, this chapter discusses the domains of chemistry
in general and catalysis in specific, as well as the field of process control such
that the stage is set to introduce the pulsed activation concept in chapter 2. The
coming sections are a summary of the many relevant scientific textbooks and articles
available in these fields (see eg [1, 2, 3, 4, 5, 6, 7, 8, 9, 10]). Readers who are already
familiar with these topics are recommended to skip sections 1.1 through 1.5 and
start at section 1.6 where process intensification, the science of improving operation
of chemical reactions is discussed.

The problem studied in this work and for which the pulsed activation concept
has been developed, is that chemical reaction systems in general are hard to control
precisely. The goal of the pulsed activation concept is to improve the control over
which molecules take part in a chemical reaction at what place and at what time.
Specifically, in pulsed activation energy is applied quickly and locally to a chemical
reaction system such that favorable conditions are temporarily created for a chemical
reaction to take place. In the subsequent chapters the pulsed activation concept
is introduced in detail and explored both in simulation and practice. However, to
understand the context of pulsed activation, first let us discuss what a chemical
reaction really is.

1.1 Chemistry

Chemistry is all around us. Fire, cooking and the brewing of alcohol are examples of
chemical reactions that have been operated for many thousands of years. Although
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1 Introduction

there was empirical knowledge of how to operate these processes, for a long time
the practicioners had no understanding of how these processes actually work. At
some point man became aware that it is possible to produce substances which might
not even be found in nature directly. There is evidence of chemical reactions being
used in the creation of pigments for makeup by the ancient Egyptions as early as
2000 BC [11]. Metallurgy and the creation of some early forms of glass date back
even further.

Even in the ancient world gold was a highly valued material. With the realization
that substances can be converted into different ones people started searching for
ways to convert inexpensive substances such as lead into gold. This practice was
called alchemy and it kept both honest and fraudulent alchemists occupied for many
centuries. Alchemy was not purely practical but also had spiritual and mystical
components. It was the protoscience which evolved into the scientific field of
chemistry. The key step moving from alchemy to chemistry was the adoption of
the scientific method. Through rigorous application of the scientific method theories
have been developed which explain why it is not possible to convert lead into gold
through chemical reactions. Although chemistry has always been, and may very
well always be, a field in which our practical know-how exceeds our theoretical
understanding much has been learned about what can and what cannot be achieved
through chemical reactions.

In a key scientific textbook, Pauling [12] defines chemistry as: The study of sub-
stances, their structure, their properties and the reactions that change them into other
substances. Therefore, to understand chemical reactions we must first understand
what substances are. In everyday language, ’substance’ is simply a synonym for
’material’ but in the context of chemistry a slightly more precise definition is required.

The nature of a substance

Pauling describes a substance as a homogeneous species of matter with reasonably definite
chemical composition. Although some impurities are tolerated for the sake of keeping
things practical, a substance needs to consist of one specific type of particles rather
than a mixture of several types of particles. Mixtures consist of several substances
(components of the mixture) which can be separated by physical methods such as
filtering or distillation.

Key to the definition of substances was the development of atomic theory initially
proposed by John Dalton [13, 14]. At that time, it was already known that some
substances were basic elements in the sense that they could be used to form heavier
substances but could not themselves be described as a combination of other sub-
stances. Dalton named the most basic building blocks of these elements atoms, which
he initially believed to be indivisible.

2



1.1 Chemistry

At the turn of the 20th century researchers discovered that atoms themselves
consist of a dense core (nucleus) of protons and neutrons surrounded by a cloud of
electrons. The amount of protons in the nucleus determines the chemical element, the
amount of neutrons determines the isotope and the amount of electrons determines
the electrical charge. In the context of substances the elements making up the particles
of a substance are a defining property. Some elements are found in their atomic form
in nature. However, atoms can also bond together to form more complex structures
called molecules. The structure of a specific molecule is exactly the ’definite chemical
composition’ defining a substance that Pauling speaks of. To describe a substance
a chemical formula is used stating which atoms are combined into its characteristic
molecule. For instance, water is described as H2O, the combination of two hydrogen
atoms and one oxygen atom. In the context of chemical reactions, a specific type of
molecule is referred to as a chemical species or compound, which can be involved in a
chemical reaction as a reactant- or product substance.

Physical properties and phases

Although a single molecule can be accurately described using a chemical formula
more information is required to describe a substance, which is formed by an ag-
gregate of many identical molecules. Many different properties have been defined
which describe the bulk behavior of a substance. For instance, each substance has
a color, a density and an electrical conductivity as well as many other properties.
These physical properties are not constant for each substance but may depend on
conditions such as temperature and pressure that the substance is subjected to.
When temperature or pressure are increased or decreased, a substances’ physical
properties typically change in a continuous manner. However, at certain combina-
tions of temperature and pressure sudden discontinuities in physical properties are
observed. At these points the substance undergoes a change of phase. Three distinct
phases can typically be observed on Earth:

• Solid: In the solid phase an aggregate of molecules is bound tightly together to
form a large macroscopic shape. Solids are rigid and resist changes in shape.
The molecules making up a solid can be arranged irregularly or in a regular
pattern. In the latter case the material is known as a crystal. If the entire
bulk of matter repeats the same pattern the crystal is known as a single crystal.
However, formation of a large single crystal requires very specific conditions
which are unlikely to occur spontaneously, such that most macroscopic objects
found in nature consist of aggregates of tiny (nm scale) crystals and are called
polycrystalline substances.

• Liquid: If the temperature of a solid is increased at some point the molecules

3



1 Introduction

making up that solid start vibrating so much that they no longer stay in the
same place. Rather they start moving around within the substance. There
are still intermolecular bonds which hold the substance together but these
are not constant and not as strong as in solids. In this phase, the substance
no longer resists change to its shape and will flow when subjected to external
forces such as gravity to minimize potential energy, typically taking the shape
of the container.

• Gas: If temperature is increased even further, the molecules start vibrating
so heavily that they overcome the intermolecular forces associated with the
liquid phase. The molecules can move around freely, or diffuse, even outside
the existing borders of the substance itself. Therefore, a substance in gas
phase will typically extend in all directions until it hits the boundaries defined
by its container. In the gas phase the space between molecules is typically
much larger than in the liquid or solid phases. Therefore, the same amount
of molecules of a substance in the gas phase typically occupies a much larger
volume than the same amount of molecules in the liquid or solid phase.

The liquid and gas phases collectively are called fluids as in these phases the
substance does not have a fixed shape but can flow to take on the shape of their
container. Apart from the three phases listed above, there are the plasma phase, the
Bose-Einstein condensate phase and the concept of supercritical fluids. As these
phases are normally not observed in nature (on the planet Earth), they are not
considered further in this work. In the bookkeeping of chemical species the phase of
a species is typically denoted by a subscript ’(s)’ for solid, ’(l)’ for liquid and ’(g)’ for
gas. Since most of the following concepts are easier to explain and understand for
gaseous substances, it is from here on assumed that all substances discussed are in
the gas phase unless stated otherwise.

Chemical reactions

A chemical reaction is an event in which one or more chemical species (reactant
substances) are converted into one or more different chemical species (product
substances) by rearranging the atoms that their molecules consist of. Such an event
occurs spontaneously when molecules collide in a favorable orienation and with
enough energy to ’trigger’ the reaction. To describe a reaction, a reaction equation
such as equation 1.1 is used. In this particular reaction two hydrogen molecules
combine with one oxygen molecule to form two water molecules (steam).

2 H2 + O2 −→ 2 H2O ∆H = −483.6kJ/mol (1.1)

4



1.1 Chemistry

The direction of the arrow determines the direction of the reaction and therefore
which species are the reactants and which the products. In many cases, the reaction
can proceed in both directions, depending on conditions like temperature and
pressure. The ∆H term next to the reaction represents the enthalpy of reaction, the
amount of energy required to convert the atomic configuration of the reactants into
that of the products when the reaction is executed approximately 6.022 · 1023 times
(the number of Avogadro, or one mole). In this case the enthalpy change is negative
which means that the reaction is exothermic and the reaction releases energy. By
definition, the reaction in opposite direction is endothermic and consumes exactly the
same amount of energy which is converted into potential energy in the configuration
of electrons.

Since a chemical reaction only rearranges and redistributes atoms among molecules,
atoms can never be produced or destroyed by chemical reaction. For instance, if
there are no gold atoms in the reactant species gold can never be one of the products
of a chemical reaction. In hindsight that makes the endeavours of alchemists rather
futile, but of course they were not aware of that.

Chemical reaction systems

In reaction 1.1 there were two reactant- and one product species. In many practical
reactions there are multiple reactants which can transform into different products
through various chemical reactions. Together these reactions form a chemical reaction
system. For example, consider the oxidation of methane (natural gas) as described
below in 1.2:

2 CH4 + O2
1−→ 2 CO + 4 H2 ∆H = −72 kJ

CH4 + 2 O2
2−→ CO2 + 2 H2O ∆H = −890 kJ

(1.2)

In this particular reaction system the reactants methane and oxygen can form
different products through two different reactions. The first reaction is called partial
oxidation, in which carbon monoxide and hydrogen are the products. This mixture
is called synthesis gas, which has high value as it can be used to synthesize heavier
hydrocarbons via the Fisher-Tropsch process [15]. In the second reaction the methane
is oxidized completely and the resulting products are carbon dioxide and water.
Though these products do not have much value as chemical reactants for further
reactions, this reaction does produce a lot more heat. In any reaction system
which has methane and oxygen as reactants, both of these reactions can take place
simultaneously. The ratio between reactant consumption by one reaction over the
total reactant consumption is called selectivity towards that reaction. Typically, a
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1 Introduction

high selectivity towards one of the reactions is desired depending on the application.
For example, in a furnace application a high selectivity towards the second reaction
is desired as it releases more heat and the products are less hazardous. However,
in a chemical gas-to-liquid (GTL) plant a high selectivity towards the first reaction
is desired since these products can be used as reactant molecules for subsequent
reactions.

A reaction system can have reactants, intermediate products and final products.
Intermediate products are consumed through different reactions in the system while
final products are not. In the reaction system given above, carbon monoxide is a
final product. However, in the overal GTL process it is an intermediate. Furthermore,
a reaction can implicitly consist of multiple steps with intermediates not explicitly
mentioned. For instance in the second reaction of system 1.2 it is likely that the
methane first combines with one oxygen molecule to form highly reactive interme-
diate species. Since these species are typically short lived they are left out of the
reaction equation. Also, depending on the complexity of the reaction system it may
be possible to form a product from a reactant through different reactions. In that
case, there are multiple pathways from the reactants to that product.

1.2 Chemical thermodynamics

The arrows in the reactions described in the previous section are unidirectional, as
to clearly distinguish the reactants from the products. However, that does not mean
that the reaction can only occur in that direction. In principle, all chemical reactions
can (and do) take place in both directions. However, there certainly appears to be
a preferential direction in most reaction complexes. The water formation reaction
of equation 1.1 for example has a strong tendency to form water out of oxygen
and hydrogen under normal atmosferic conditions. It is not very likely that two
colliding water molecules will spontaneously form hydrogen and oxygen molecules.
The reason why reactions tend to go in a certain direction is not trivial, but very
fundamental to our understanding of physical and chemical processes.

In early studies, researchers hypothesised a ’force’ causing a reaction to take
place. This force was named chemical affinity and known references date back to
the times of alchemy. While the concept of affinity can be used to describe the
behavior of specific reactions, it was only with the development of thermodynamics
in the context of chemistry that it was understood why reactions proceed in a certain
direction.

The development of thermodynamics initially took place in the domain of com-
bustion engines. Specifically, researchers realized that the early combustion engines
were not very efficient in converting the chemical energy from the fuel into mechan-
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ical work. Most of the energy was lost in the form of heat rather than converted
to the mechanical domain. In the early nineteenth century, Sadi Carnot described
an idealized heat engine cycle which does not suffer from friction or other losses
inherent to the physical systems. The engine operates between a heat reservoir at
a high temperature and a heat reservoir (sink) at a lower temperature. Heat flows
from the hot reservoir to the cold reservoir and part of the energy is converted to
mechanical work. He showed that even in the most idealized (thermodynamically
reversible) cycle that can be constructed it is still not possible to convert all of the
input heat into mechanical work. In the cyclic process a certain amount of the input
heat is always lost to the cold reservoir (the environment), limiting the efficiency of
the engine. These findings form the basis of the field of thermodynamics.

Entropy and irreversibility

Two key laws describing the behavior of thermodynamic systems were developed,
which can be formulated in different ways. Many scientists of fame worked on them,
but one of the key contributors was Rudolf Clausius. He formulated the two laws as
follows:

1. In a thermodynamic process involving a closed system, the increment in the
internal energy is equal to the difference between the heat accumulated by the
system and the work done by it.

2. Heat can never pass from a colder to a warmer body without some other
change, connected therewith, occurring at the same time.

The first law implies that energy cannot be created or destroyed, it can only be
stored, converted between its various forms and transported from one system to
another. The second law states that heat can only spontaneously flow from a hot
body to a cold body. It can flow in the other direction as well, but not without adding
more energy to the system through the application of work. The perfect Carnot
cycle is reversible, which implies that it can be operated in the reverse direction
such that it actually functions as a refrigerator rather than a heat engine. In the
reversible system the amount of work required to bring heat from the cold to the
hot reservoir is identical to the amount of work produced by the equivalent Carnot
cycle operated as a heat engine. However, perfectly reversible systems cannot exist
in practice because they exclude friction which is always present in physical systems.
Any friction in the system generates a loss of useful energy to waste heat, reducing
the efficiency below the Carnot efficiency.

A few years after formulating these laws Clausius was also the one who introduced
the term entropy, a concept used essentially for the bookkeeping of irreversible
processes. Entropy is an extensive property of the system, i.e. it increases with
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the system size in a similar way like mass. The absolute value for entropy in a
system cannot be measured, but the change in entropy can be computed when heat
is transfered between bodies. Specifically, the entropy change for a closed reversible
system is defined as the incremental heat input divided by the thermodynamic
temperature of the system.

dS =
δQ
T

(1.3)

The change in entropy can be investigated over a full cycle for any heat engine,
as stated in equation 1.4. Clausius used the second law of thermodynamics to
demonstrate that the entropy change over a cycle of the heat engine can never be
negative. For a frictionless (reversible) system the entropy change over each cycle
is zero. For all physical systems, which necessarily include friction, the change in
entropy over a cycle has to be positive.

∆S =
∮

δQ
T

(1.4)

Gibbs free energy

Originally, thermodynamics was developed as a theory applying to macroscopic
bodies such as heat engines. However, the powerful concepts of irreversibility and
entropy were also found to apply to other systems and in the 1870’s thermodynamics
was expanded towards systems of molecules through the development of statistical
thermodynamics. The concept of entropy also extends to an ensemble of particles in
which it can be understood as a measure for the possible number of configurations of
these particles given a certain amount of energy. This interpretation can be applied
to chemical reaction systems as a reaction event changes the amount and type of
particles available in a known way.

Although many scientists made important contributions in this area, again one
scientist in particular stands out. With the publication of three landmark papers
Josiah Willard Gibbs revolutionized the understanding of irriversibility and how it
applies to chemical systems. One of his main contributions was to reformulate the
second law of thermodynamics in a way that a driving force for chemical reaction
(now known as Gibbs free energy, the more specific term for affinity) can be identified.

G(p, T) = U + pV − TS = H − TS (1.5)

Equation 1.5 gives the Gibbs free energy as the sum of the internal energy U in J,
pressure p in Pa times volume V in m3, subtracted by the temperature T in K times
the entropy S in J/K. Alternatively, G can be expressed using the enthalpy H in stead
of using internal energy/pressure/volume. The Gibbs free energy is a measure for
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1.3 Reaction kinetics

the maximum amount of work that can be extracted from a closed system (without
expanding it or exchanging heat with it). By spontaneous processes the Gibbs free
energy can only decrease due to the second law of thermodynamics. At standard
conditions a standard molar entropy for each chemical species is known such that
the change in Gibbs potential corresponding to a chemical reaction event can be
computed. If the change to the Gibbs potential is negative the reaction can take
place spontaneously and it is called thermodynamically favorable. Note that this does
not exclude the reaction in the opposite direction from taking place, it is only less
likely to happen such that the observed net reaction rate has an overwhelmingly
high probability of being in the favorable direction for a large set of particles.

Chemical equilibrium

The Gibbs potential gives a force pushing the reaction into a certain reaction. When
the reaction progresses the balance between the amount of reactant and product
molecules changes. As this happens, the Gibbs potential decreases. Given enough
(infinite) time, the system converges to the point where the Gibbs potential reaches a
minimum value. In that case driving the reaction in either direction would increase
the Gibbs potential, such that the reaction can no longer take place spontaneously
and the net observed rate of reaction is zero. Note that this does not mean that there
are no chemical reaction events taking place. However, under these conditions the
rate of the forward reaction is equal to the rate of the backward reaction such that
the total amount of molecules for each species remains the same. The Gibbs free
energy has reached its lowest value, maximing total entropy within the system. This
condition is called chemical equilibrium.

At what reactant/product distribution the system is in equilibrium depends on the
molecules involved as well as reaction conditions such as pressure and temperature.
One of the pivotal results from chemical thermodynamics is that at fixed reaction
conditions it is possible to compute beforehand what the concentrations of each
species will be at equilibrium. Spontaneously, the system can only move towards
equilibrium as entropy increases in this direction. Although in theory reactions
can always take place in both directions, in practice many reactions are considered
unidirectional as the rate of the thermodynamically unfavorable direction can be
extremely low as compared to that of the thermodynamically favorable direction. In
that case the mixture of species is far from equilibrium.

1.3 Reaction kinetics

When the reaction system is given together with the reaction conditions, thermo-
dynamics determines the final equilibrium the system will settle in. However, the
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speed at which the reaction system approaches equilibrium has not been discussed.
In practice, this speed can be very fast or very slow, even for the same reaction. For
instance, we can compute that at ambient conditions the equilibrium for the hydro-
gen and oxygen to water reaction is almost completely at the water side. However,
when hydrogen gas and oxygen gas are mixed and kept at ambient conditions it will
take a very long time before almost all of the hydrogen and oxygen molecules have
spontaneously combined into water molecules. However, at the same time we know
that by exposing the mixture to a flame, the reaction rate becomes so high we can
have an explosion. The study of the rates of reactions is called reaction kinetics.

As discussed in section 1.1 a chemical reaction occurs spontaneously when:

• The reactant molecules are in close proximity
• The molecules have enough energy to trigger the reaction
• The molecules have favorable orientation

Though orientation is a factor of influence especially in larger molecules, the
physical orientation of molecules is typically difficult to influence in most reaction
systems. Therefore, the effect of orientation of molecules is commonly accepted as
a given (constant) and not considered in kinetic analysis of reaction systems. In
contrast, the influence of proximity of molecules and available kinetic energy can be
influenced much more easily and their influence on the rate of reaction is studied
extensively.

A practical way of modeling the rate of reactions is by using a rate law which
correlates the reaction conditions with the rate of reaction. The way in which the
conditions influence the reaction rate, and thereby the structure of the corresponding
rate law, varies between reactions. To allow a reaction to occur it is required to
bring the reactant molecules in close proximity. In the gas phase, molecules can
move around freely and hence bounce into one another frequently. Using statistical
mechanics it can be computed that for a mix of species A and B at fixed temperature,
the total amount of collissions is given by equation 1.6.

r = Z [A] [B] (1.6)

The rate of collission is determined by the concentrations of A and B particles
and other factors such as temperature which are represented in Z. By increasing the
concentration of particles the amount of collissions increases and hence the events
at which a reaction could occur increase. If all collissions between molecules have
equal chance to lead to a reaction the reaction rate scales linearly with the amount
of collissions and therefore also linearly with the reactant concentration. In that case
a first order rate law is obtained with respect to the concentration. For more complex
molecular interactions different reaction orders may be found.
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Activation of reaction

Even if two molecules collide, this does not necessarily result in a chemical reaction.
The collission frequency per molecule is typically measured in the billions per second.
The collissions which actually lead to a chemical reaction event is typically just a tiny
fraction of that number. The reason is that molecules repel each other when they
get close. Only when the molecules are very close the configuration of the electrons
can rearrange in a reaction event. To bring molecules so closely together despite the
repulsive forces a high speed of collission is required.

The temperature is a measure for the speed of molecules. At a given temperature,
the speed for the individual molecules follows the Maxwell-Boltzmann distribution.
The fraction of molecules which has a large enough speed to overcome the potential
energy barrier for reaction was computed by Svante Arrhenius in 1889, using
statistical mechanics. The rate of reaction r is given by 1.7, in which k is the pre-
exponential constant, Ea is the activation energy in J/mol, R is the universal gas constant
in J/molK and T is the temperature in K.

r ≡ ke
−Ea
RT (1.7)

In practice many reactions have a relatively high activation energy and therefore
require high operating temperatures. Operating a reaction at a high temperature
can be unfavorable for practical reasons, and in extreme cases can even influence
the chemical equilibrium disadvantageously. Furthermore, maintaining a high
temperature will also activate undesired reactions and can therefore have a negative
influence on reaction selectivity. If a reaction can be operated at lower temperatures
the reaction is safer, cheaper and more energy efficient to operate. Therefore, a lot of
effort has gone into finding a way to operate reactions at milder conditions.

1.4 Catalysis

By introducing additional chemical species to a reaction system, new reaction
pathways are introduced to the system. In many cases, the new species will act as
a reactant and react with other species to form different types of product species.
However, it is also possible for the new species to act both as an initial reactant and
as a final product. In that case, although the species interact with other molecules in
the reaction complex it emerges unchanged when the reaction is completed. This
type of species is known as catalysts.

The new pathways opened by the introduction of the catalyst to the system can
significantly change the kinetics (though not the thermodynamic equilibrium as that
is a property of the reactant and product molecules only) of a chemical reaction.
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The change in kinetics can make it possible to operate reactions industrially which
would be impractical to run otherwise. Figure 1.1 shows how a reaction between two
gas phase species (A and B to form AB) can be changed by introducing a catalyst.
The catalyst (which is in the form of a surface) offers an alternative pathway which
has less activation energy than that of the direct gas phase reaction. Note that the
starting and ending points for the catalytic path and the gas phase reaction are the
same, as the presence of the catalyst does not influence the thermodynamics of the
reaction. Therefore, the reaction equilibrium can also not be effected by the presence
of a catalyst.
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Figure 1.1: Schematic representation of a catalytic reaction.

Typically, Humphry Davy is credited with the discovery of catalysis as he was the
first to observe that a glowing platinum wire would glow brighter in the presence of
hydrogen and oxygen [16] during his work on the mining safety lamp [17]. From his
observations he correctly deduced that the hydrogen and oxygen reacted together
even though no flame could be observed and the platinum wire appeared unaffected.
His observations triggered interest of the scientific community leading to more
studies which were reviewed in 1836 by Jöns Jacob Berzelius. In that review he gave
the first real definition of catalysis [18]. By the late twentieth century catalysis has
found major industrial applications. It is estimated that catalysis is involved in 90%
of industrial reactions [2] and has become a multibillion dollar industry.

Types of catalysis

Depending on the phases of catalyst and reactant two types of catalysis can be
distinguished. In heterogeneous catalysis the catalyst is in a different phase than
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the reactants. Typically, the catalyst is some sort of solid whereas the reactants are
in the liquid or gas phase. Opposedly, in homogeneous catalysis the catalyst and
the reactants are in the same phase, typically the liquid phase. In heterogeneous
catalysis the catalyst can be separated more easily from the reactant and product
stream. The key advantage of homogeneous catalysts is that they can have much
better activity and/or selectivity properties. In industry, the bulk of the reactions are
done using heterogeneous catalysis and in this work all the applications discussed
are based on heterogeneous catalysis.

Good catalyst particles are typically metals and certain oxides. The metals which
show the best activity and stability are often expensive. Therefore, great care is
taken to minimize the amount of catalyst needed to run a reaction industrially.
The active part of a catalyst is its surface and therefore it is aimed to have high
surface area per kilogram of catalyst. High surface area is created by using small
catalytic nanoparticles mounted on a support structure. Since the nanoparticles are
polycrystalline they expose different facets at the surface. For different facets of the
same crystal the reactivity can be completely different.

Steps in a heterogeneous catalytic reaction

In figure 1.1, the catalyst breaks up the reaction into three substeps. These steps are
known under the following terms:

1. Adsorption: The reactants form a bond with the catalytic surface such that
they are no longer in the gas phase. Different types of adsorption have been
observed, depending on the nature of the bond. If a true chemical bond is
created, the adsorption is called chemisorption. If the bond is of a physical
nature (eg due to Van der Waals forces) the adsorption is called physisorption.

2. Reaction: The adsorbed species engage in a chemical reaction with one another,
forming a product molecule which is also adsorbed to the surface. The kinetic
parameters for this step are different from those for the direct gas phase
reaction. Particularly, the activation energy is much lower than that of the
direct gas phase reaction such that the reaction can be operated at lower
temperatures.

3. Desorption: If the product molecule goes back into the gas phase the catalyst
surface is back to its initial state and the reaction is completed. The surface is
now free to once again adsorb reactant molecules.

Note that in practice all of these steps are taking place simultaneously. A catalytic
surface will simultaneously have empty spots, adsorbed reactant molecules and ad-
sorbed product molecules. All of the steps can occur in both directions; for example
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an adsorbed reactant molecule can desorb back into the gas phase without taking
part in a reaction first. The same holds for the surface reaction step. Furthermore,
note that for more complex reactions there can be more steps involved such as
dissociation or multiple surface reaction steps.

The Langmuir-Hinshelwood reaction model

Although it quickly became clear that the presence of a catalyst increased the speed
of reaction the exact mechanism of the steps has been the topic of intense debate.
For heterogenous gas phase catalysis two different mechanisms have been proposed
which match observations reasonably well. Langmuir and Hinshelwood proposed
a mechanism in which all of the reactants adsorb onto the catalytic surface. The
adsorbed species are mobile up to a certain degree in the sense that they can travel
over the catalyst surface. A reaction can occur when adsorbed reactants collide,
forming product molecules at the surface. The reaction depicted in figure 1.1 occurs
via the Langmuir-Hinshelwood mechanism, as both reactants first adsorb to the
surface before they react with one another.

The alternative mechanism was proposed by Eley and Rideal and differs from the
Langmuir-Hinshelwood mechanism in that it is not required that all of the reactants
involved in the chemical reaction adsorb to the surface first. In the Eley-Rideal
mechanism, one species can remain in the gas phase and react directly with the
surface species to form the products. Currently, most scientists believe that the
majority of reactions occur via the Langmuir-Hinshelwood mechanism and this is
assumed to be the case in the reactions investigated in this thesis as well.

An important concept used in the Langmuir-Hinshelwood model is that of the
catalytic site. It is assumed that the surface is not a homogeneous surface, but rather
it consist of a discrete grid of catalytically active places called sites. Each site can be
empty, or it can have a reactant or product molecule associated with it (adsorbed
onto it). When molecules move across the surface, they ’jump’ from site to site. The
catalytic site is typically denoted by a *. For example, the reaction of figure 1.1 can
be broken up into the following reaction steps:

A + ∗ 1−→ A∗

B + ∗ 2−→ B∗

A∗ + B∗
3−→ ∗AB∗

∗AB∗
4−→ AB + 2 ·

(1.8)

Each of the steps in equation set 1.8 is called an elementary step, as they can not be
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subdivided into multiple chemical reactions themselves.

1.5 Process operation and process control

Up to this point the chemical reaction processes have mainly been described from
a theoretical point of view. However, to understand how chemical products are
produced in significant quantities these concepts need to be translated to an industrial
setting. In industry, chemical processes are operated in large scale plants. These
plants have many sensors, valves, heaters, coolers and compressors. Process control
is the discipline which uses the information from the sensor to control the valves,
heaters etcetera in such a way that the chemical reactions proceed at the desired
rate and selectivity. Conceptually, there are four key variables of reaction conditions
which can be manipulated in a chemical process:

• Temperature: Rates of chemical reaction are dependent in a nonlinear way on
temperature according to the Arrhenius law discussed earlier:

r = ke
−E
RT

The Arrhenius relation is of an exponential nature. The temperature is in the
denominator of the exponent, which means the rate is actually not exponential
in the temperature itself. However, at moderate temperature E

RT is still large
enough for the rate to be approximated as an exponential in T. Note that
the pre-exponential constant k is typically in the order of 1010-1016 while the
exponential term is much smaller than 1.

• Pressure: The pressures of the reactants, products and inerts are important
parameters in reaction engineering. The equilibrium depends on the pressure
especially if reaction increases or decreases the total amount of molecules. At
higher pressures the equilibrium shifts toward the side with less molecules.

• Concentration: Elementary reaction rate theory shows that the rate of reaction
depends on the concentration of reactants. This dependence is reflected in the
rate law for that reaction.

• Residence time: Reaction rates can be expressed as a function of the variables
discussed above. The total yield is the rate of reaction integrated over time.
Therefore the amount of time given to the system for reaction is also an
important process variable.

These four parameters are used to control the rate of chemical reactions.
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Batch versus continuous flow reactors

In a batch reactor all reactant molecules for one batch are mixed together and sub-
jected to a pressure and temperature for which the desired reactions proceed at
an acceptable rate. When the desired conversion has been reached, the mixture is
taken out of the reactor and the products are separated from the leftover reactant
and byproducts using physical methods. The alternative to batch reactors are called
continuous flow reactors. In a continuous flow reactor there is a constant inflow of
fresh reactants and a constant extraction of the reaction mixture. The advantages of
using a batch reaction are the following:

• Near complete conversion can be reached since there is no continuous inflow
of fresh reactants.

• High flexibility, since the same reactor can be used for different reactions in
separate batches.

• Batch reactors are easy to maintain as they are emptied and cleaned between
batches.

• Overal less complex to build, operate and maintain than continuous reactors.

Especially for reactions which are run on a small scale such as the production of
fine chemicals the batch reactor is widely used. However, for chemicals which are
produced at very large quantities (base chemicals) different considerations come
into play. For base chemicals the continuous flow reactors are much more common.
Continuous flow reactors have the following advantages over batch processes:

• Continuous flow reactors have continuous heat production (or demand). There-
fore, it is easier to use any excess heat productively, thereby operating the
reactor more energy efficiently overall.

• Pressure, temperature and concentration are constant over time at any point in
the reactor which makes it easier to control the actual reaction rate.

• Reactor design can be completely tailored to the specific chemical species and
reaction conditions it is used for.

• Higher throughput is possible since the reactor does not have to be stopped
and cleaned between batches.

The separation between batch reactors and continuous flow is not absolute. There
are semi-batch reactors which allow for addition of reactants or extraction of products
while the batch reaction is taking place. This allows for additional flexibility and
optimization over batch reactions, though the advantages of continuous flow reactors
listed above are not realized. The pulsed activation concept that will be introduced
next chapter applies equally to batch reactions as to continuous flow reactors.
However, the focus of this work is on continuous flow reactors because the difference
to conventional operation can be more clearly demonstrated for these reactors.
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Steady state operation of chemical processes

If the elementary process variables in a continuous flow reactor are constant (ie
not changing over time neglecting small disturbances), the system is said to be
in steady state. A batch reactor is never truly in steady state as the concentrations
are changing over time while the reaction progresses towards equilibrium. Most
continuous flow industrial processes are actually run under steady state conditions,
which is associated with the following advantages:

• Steady state system behavior and resulting product quality are well understood.
• Keeping the temperature and pressure constant allows to keep them well below

runaway conditions.
• Closely around a steady state working point reaction systems can be approxi-

mated by linear models and be controlled with linear control systems.

For these reasons steady state control is the standard for process control of
continuous flow systems. In steady state process operation, for a given reactor
the four elementary process variables are optimized to give the desired reaction
rate, conversion and selectivity. Even though the advantages of using steady state
operation are clear, they come at the cost of sacrificing potential benefits from
non-linear behavior.

1.6 Process intensification

For all chemical processes operated at significant scale in industry, there is a strong
incentive to reduce the requirements of energy and other resources required to
operate the reaction. The search for more efficient chemical reactors has created
the field of process intensification [19, 7, 20]. In process intensification, the goal
is to operate a specific reaction as efficiently as possible such that a smaller, less
expensive, safer, less energy intensive reactor is needed. Taking this to the limit,
in a hypothetical perfect reactor [21] all molecular collissions occur at exactly the
right orientation and with the right molecular energy to allow desired reaction
events to occur. Therefore, that reaction always occurs at minimum reactor volume,
temperature and energy requirements.

Efforts towards building the perfect reactor can be categorized into four different
approaches [22]:

• The structured approach lives in the spatial domain and involves the physical
shape of the reactor. The length scales involved in a chemical reactor vary from
the reactor size (dimension [m]) all the way to the molecular scale (dimension
[Å] (0.1 nm)). In the structured approach the reactor is built in a way that it

17



1 Introduction

optimally facilitates the transport of energy and/or matter within the reactor.
Typically, this involves small scale reactors [23] which have high surface to
volume ratio such that it is easier to apply and extract thermal energy. Other
examples are structuring at the molecular level by application of molecular
sieves.

• The energy approach lives in the thermodynamic domain and optimizes the
way in which energy is supplied to the reaction system. It aims to have energy
available at the right time in the right place to trigger reaction events. The
conventional method of heating an entire reactor vessel is non-selective as the
thermal energy is distributed over many more molecules than just those that are
engaging in a reaction event at any time. Highly experimental methods are by
application of strong magnetic, electric or laser fields. The most encountered
methods used for this strategy are localized and rapid heating with light
(photochemistry) or microwaves (microwave assisted chemistry).

• The synergy approach lives in the functional domain and aims to combine
partial processes or functions within one reaction system in an advantageous
way. An example of this strategy are bimetalic catalysts, which consist of two
different type of metal atoms which can be more active/selective together
than either of them would be separately. Also, operating strategies which
combine different energy input methods (i.e. photocatalysis with microwaves,
or photocatalysis with ultrasound energy, etcetera) have been investigated in
research settings.

• The last approach lives in the temporal domain. In this approach the variation
of process variables over time is used to influence the reaction system. For
instance, some reactions benefit from very rapid heating as during the ramping
up of temperature side products are formed. A fundamentally different use
of time is to specifically introduce periodicity to the process variables in the
reaction system. Through the introduction of periodicity, dynamic states are
introduced which influence the chemical reaction system.

In many process intensification studies several of these approaches are combined.
For example, the technology discussed in this thesis focusses on the development
of a microreactor, in which thermal energy is applied locally, rapidly, as well as
periodically. Therefore, microreactors and periodic reactors are crucial to this work.

Microreactors are small scale devices which feature a tiny reaction compartment in
which a chemical reaction can take place. The key characteristic of a microreactor is
a very high reactor surface to volume ratio as compared to traditional reactors. The
high surface to volume ratio means that the heat of reaction is typically very small
as compared to the thermal inertia of the reactor itself. Therefore, more accurate
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control of the reaction temperature is possible. Furhermore, since the volume is
small the inertia resisting change in temperature or concentrations are also small
as compared to large scale reaction vessels. Also, the fluid flow profiles within a
small scale reactor are easier to compute and influence. Therefore, microreactors
allow for fast and accurate control of temperature and concentration profiles within
the reactor. Since the 1990’s microreactors have gained ever increasing attraction,
especially in laboratory studies.

Forced periodic operation

In the 1960s, a scientist named Horn discovered that some distillation columns
performed better during the night than during the day [24]. He found that during
the night the operators in the plant were less focussed and would allow the process
variables to drift somewhat away from their ideal settings. Surprisingly, this would
give on average a better product. In 1967, Horn and his coworker Lin published
a landmark paper demonstrating how a fundamental improvement in conversion
could be achieved through applying a periodic input [25]. This sparked considerable
interest in the community and the new research field of periodic control was born.
Many studies were undertaken and in the 1970’s two excellent reviews were written
on the topic by Bailey [26, 27]. Although interesting results and applications have
been found in theoretical and laboratory studies, industrial use of periodic control
has remained limited [28].

Summary and outline of the thesis

Chemical thermodynamics sets the boundaries for what can and cannot be achieved
with chemical reactions. However, even within the constraints of thermodynamics
there is still a gap to be bridged between the current generation of industrial
reactors and the perfect reactors described in section 1.6. Within the field of process
intensification many researchers are working to close this gap. Most of their attention
is focussed on the structural, thermodynamic and functional domains. Due to the
developments in microreactor technology as well as recent computer and microchip
technology it has now become possible to explore the temporal domain, which is the
focus of this thesis, more deeply.

Specifically, this thesis investigates the effects of applying significant changes
in reaction conditions within the timescales at which processes take place at the
catalyst surface. Due to the short periods non-linear effects may be observed which
preceding studies in periodic control did not uncover. These effects may be benificial
or detrimental to the operation of the process. Potential beneficial properties include
increased reaction yield and/or selectivity, as well as other operational benefits.
The main objective of this work is to obtain more tight control over the chemical
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processes taking place within a reactor, and in doing so bringing the community a
small step closer to the perfect reactor described above. To achieve this goal a novel
concept for operating chemical reactors will be introduced: pulsed activation.

In the next chapter the pulsed activation concept will be introduced as a specific
strategy of process intensification living in the time domain. The concept itself,
its theoretical properties as well as advantages and disadvantages associated with
application of pulsed activation to a reaction system are discussed. In chapter
3, mathematical simulation models are used to investigate how several different
prototype catalytic reaction systems respond to pulsed activation. It is shown how the
pulsed activation concept might indeed be used to obtain fast and accurate control
over the reactions taking place on a catalytic surface. Furthermore, it is shown that for
certain sets of kinetic parameters pulsed activation gives a fundamental advantage
over any possible steady state operation. Chapter 4 describes the microreactor setup
which has been built to investigate the effects of pulsed activation experimentally.
Specifically, the setup uses a catalyst in the form of a platinum strip on a wafer which
can be periodically heated by approximately 250 K in less than 20 µs. Subsequently,
chapter 5 shows the results from experiments on some of the most elementary and
well studied catalytic reactions. It is demonstrated that pulsed activation can indeed
be used to obtain tight control over the rate of catalytic reactions in practice. Finally,
chapter 6 puts the observations into a broader perspective, evaluating the results
and the future potential of the pulsed activation concept.
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Science is the belief in the ignorance of experts.

Richard Feynman

2
The pulsed activation concept

Most continuous flow reactors are operated in a steady state manner. In this chapter,
restrictions associated with this traditional process operation are discussed, after
which the pulsed activation concept is introduced as a method to overcome part
of these restrictions. The properties of the pulsed activation concept are discussed
and the potential gains and pitfalls of the technology are investigated. Although
the concept of pulsed activation can in principle be applied to any reaction, in this
work the focus lies on heterogeneous catalytic reactions, mainly for practical reasons.
The main goal of pulsed activation is to obtain faster and more accurate control over
the rates of chemical processes taking place in a reactor than is possible with steady
state operation.

2.1 Restrictions of steady state process operation

The combination of steady state process control and the properties of chemical
processes leads to restrictions in the process operation. Steady state operation is so
well established that many engineers have accepted the restrictions that come with it
as facts of life. However, by applying a different mode of operation some of these
restrictions may become less severe or even removed entirely. The most important
restrictions relevant to this work are listed below.

2.1.1 Limited number of control variables

In steady state process operation of heterogeneous gas phase catalytic reactions,
there are four more or less independent process variables which can be varied. These
variables are temperature, pressure, concentrations and residence time. Through
manipulation of these variables the reaction rates can be influenced. Optimizing the
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rates in a reactor means solving an optimization problem over these four variables,
which is usually a non trivial task. Therefore, having ’just’ four variables available
for control is typically not considered to be a limitation in practice. However, the
introduction of more control variables does increase the operating window of a
chemical process.

2.1.2 Processes can have high inertias

To apply a change to one of the four process control variables energy or mass needs
to be transported to or from the reactor volume. In industrial scale plants this
volume can be very large and therefore have high inertia (i.e. long time constants)
resisting change in these variables. Safely and accurately applying a significant
change to any of them is a non-trivial task which can take some time. During this
time the system does not operate under the desired conditions, which leads to waste
of energy and/or material. In some cases the product that is manufactured while
the reactor has not yet reached the new steady state has to be discarded altogether.

If the process variables can safely be varied faster, the wasted energy and/or
material will be less. Also, the ability to switch process conditions quickly allows
more tight control of the process. In many cases a reaction is operated close to a
critical boundary which it is not allowed to be crossed. Precise control of the reaction
rates means that such a process can be safely operated closer to that critical boundary
which can gives a more efficient operation.

A recent approach to approach the problem of large inertias is the development
of micro reaction technology [23]. In micro reactors the dimensions of reactors
are reduced to micro meter scales. This size reduction means that the inertias for
changing temperature, pressure and concentration are greatly reduced. Indeed micro
reactors have proven to allow a more tight control of chemical processes gaining
the advantages described above. The cost for this improvement is that typically
the reactors have a much larger reactor weight to volume ratio, which can be a
significant factor in capital expenditure.

2.1.3 Catalyst is optimized for multiple tasks simultaneously

As discussed in the introduction adsorption, surface reaction and desorption are
simultaneously taking place on a catalytic surface. However, the conditions under
which optimize each of these steps are different.

Step one: Adsorption of reactants

The first step in a heterogeneous catalytic reaction is always adsorption of the
reactants. Figure 2.1 zooms in on the adsorption part of the catalysis cycle as
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2.1 Restrictions of steady state process operation

discussed in section 1.4 of the introduction. Adsorption can be direct or proceed via
a mobile physisorbed intermediate state. It may also require an activation energy,
especially when a molecular bond needs to be broken, though this is quite rare. Most
adsorption processes are non-activated, via a mobile physisorbed state.
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Figure 2.1: Schematic representation of activated/non-activated adsorption on a
surface.

Adsorption of reactants takes place when a gas phase molecule strikes an empty
catalytic site with the proper orientation and speed. The normalized rate of adsorp-
tion is therefore a function of the collision frequency and a factor correcting for the
orientation and speed distributions called the sticking factor. Equation 2.1 is used to
model the rate of adsorption of a certain species x to a surface [29].

radsx = Fcollisionx θ∗Sx (2.1)

,where the frequency of collision Fcollision is in events per site per second, θ∗ is the
dimensionless fraction of free sites and Sx is the dimensionless sticking coefficient
for x. The frequency of collision is temperature dependent since the average speed
of molecules increases with temperature. Also the sticking coefficient itself is
dependent on temperature. The temperature dependence of the sticking coefficient
can be approximated with an Arrhenius type equation with an activation energy ∆E
which is zero or very small for many direct adsorption reactions.

Sx = S0
xe−∆E/kbT (2.2)

The approximate frequency of collision can be computed using statistical me-
chanics and is given by equation 2.3. The temperature dependence of the collision
frequency involves an inverse square root. Therefore, when the temperature goes up
the number of collisions goes down if the pressure is constant. Note that pressure
itself may also be a function of temperature, depending on the boundaries of the
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system.

Fcollisionx =
px√

2πmxkBT
(2.3)

where x denotes the chemical species, px is its partial pressure and mx is the
molecular mass.

Step two: Surface reaction

The whole point of a carrying out a reaction catalytically is that the apparent
activation energy for the reaction is significantly lowered. It is not possible to give
a general expression for the reaction rate since different reactions have different
kinetic mechanisms. For the A + B→ AB example which is displayed schematically
in figure 2.2, equation 2.4 is used as the rate expression. If a reaction consists of
more than one elementary steps, each step has its own rate equation similar to 2.4.
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Figure 2.2: Schematic representation of reaction on a surface.

rAB = νe−E/RTθAθB (2.4)

In equation 2.4, ν is the pre-exponential constant, E the activation energy and θA,θB

are the relative surface coverages for the species A and B respectively. More complex
models can account for effects that the relative coverages have on the activation
energy if needed. The temperature dependence of the reaction rate is another
Arrhenius exponential and the surface coverages also vary with temperature. Note
that strictly speaking ν is also temperature dependent, but this dependence is so
much weaker than that of the exponential that it is usually neglected. [30]
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2.1 Restrictions of steady state process operation

Step three: Desorption of products

When the products have been formed on the catalytic surface they need to desorb
into the gas phase to free the catalyst site and complete the catalytic cycle. Desorption
is normally an activated process with an activation energy approximately equal
to the heat of adsorption of the same species. Figure 2.3 schematically shows the
desorption part of the catalytic cycle. According to the Polanyi-Wigner model, the
rate of desorption can be described with equation 2.5 [31].
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Figure 2.3: Schematic representation of desorption from a surface.

rdes = νe−∆Hadsx /RTθx (2.5)

where ν is a frequency factor, θx is the fractional coverage by species x, ∆Hadsx is the
enthalpy of adsorption, R is the gas constant and T is the temperature. Similar to the
reaction step, the desorption step depends on the temperature through an Arrhenius
exponential. The rate of desorption depends linearly on the surface coverage for that
species.

Note that due to the different pre-exponential factors and the different activation
energies, the temperature dependence for each of the three steps is different. Also,
the collision model makes the temperature dependence for adsorption fundamentally
different from the other two steps. In steady state the combined reaction rate is
determined by the slowest of the three sub-reactions. The slow step is named the
rate determining step. If the rate determining step can be selectively speeded up the
overall reaction rate increases.

2.1.4 Physics and chemistry are intertwined

Apart from the different kinetic processes occurring within a cycle on the catalyst
surface another class of processes is taking place simultaneously. The transport of
gas phase reactants and products to and from the surface is a physical transport
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process, as is the transport of heat through the reactor. Figure 2.4 shows which
timescales are involved in chemical plants. The physical transport processes are
typically slower than 10−4 s while the timescale of chemical processes vary from
10−14 s to 100 s. The observed range of possible timescales for chemical reactions
spans fourteen orders of magnitude and it is important to realize why this spread
occurs. Although a chemical reaction between two molecules is very fast (10−14 s) in
itself the frequency with which these reactions occur can be low. Therefore the total
observed reaction timescales can be long even if the reactions themselves are fast.
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Molecular
processes

Catalyst/reaction processes

particles, thin films

Transport processes, hydro-

dynamics and multiphase

Plant, site

processing

Processing units
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Figure 2.4: Schematic of timescales involved in chemical reactions, after figure 3 from
[22].

If the speed of physical transport is dominating the reaction rate the system is
called transport limited. If the surface chemistry is the dominating factor in the
reaction rate, it is kinetically limited. In any reaction system both physical transport-
and chemical processes are taking place simultaneously and the total observed
reaction rate is a combination of both. The rate of reaction can be limited by kinetics
or by mass transfer depending on conditions in the reactor.

2.2 The pulsed activation operating concept

To partly overcome the restrictions discussed above this work introduces a novel
mode of operation for a chemical reactor called pulsed activation, focusing on hetero-
geneous catalytic reactions.

Under steady state operation the conditions are chosen in such a way that all the
steps of a reaction can take place simultaneously. In the pulsed activation method,
we distinguish two different regimes which are alternating quickly in the reactor.
The first regime is named the base regime and the second regime is named the pulse
regime or the activated regime. Because the reactor conditions alternate between
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these two regimes the operation is no longer at steady state but shows transient
dynamics. If the changes are large, fast and frequent the transients of the system
become dominant in the behavior of the system. In the transients combinations of
coverage/reactivity may exist which cannot be found in either of the two regimes
separately. Therefore, pulsed activation of reactions may lead to fundamentally
different rates of reaction than are possible with any steady state operation.

Base regime

The base regime is the regime which the reactor is subjected to most of the time. It
is characterized by mild conditions, such that the overall reaction rate is negligible.
In the base regime the transport of molecules to and from the surface can take place
such that reactants become available on the surface. When the surface concentrations
are at or near their desired values the system can be switched to the pulsed regime.

Pulsed or activated regime

The very short pulsed or activated regime is characterized by very high local energy
densities. The switch from the base regime to the pulsed regime is realized by a
burst of energy at specific locations within the reactor. The release of energy is so
fast that the system does not have time to equilibrate to the new conditions during
the switching time. Therefore, at the start of the pulse the system has different
surface concentrations than those which are associated with high energy steady state
conditions. In locations where there is a high energy density plenty of energy is
available for chemical reactions to overcome the activation barrier so reaction rates
are locally high. Note that the bulk of the reactor material is not subjected to the
high energy density at all and remains at or close to the mild conditions of the base
regime even during the pulsed regime.

Back to the base regime

The energy that is locally pulsed into the system spreads through the reactor due
to conduction and convection. Eventually, it is lost to the reactors’ surroundings.
In this way the locally very high energy density associated with the pulsed regime
decays over time and the base regime is restored. This switch to the base regime
is passive as it relies on natural transport of energy. Therefore, while the switch
from the base regime to the pulsed regime can be as fast as the locally required
energy can be supplied to the system, the switch back is only as fast as the physical
transport of energy through the system. The reactor geometry determines the actual
time required to return to the base regime conditions.
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Temperature pulsing

In the pulsed activation concept high energy density pulses are supplied to the
catalytic surface. There are different ways to create a high energy density locally,
and there are several carriers of energy that can be considered. In section 2.6 these
methods are discussed. The experimental setup discussed in this work the energy
is applied in the form of heat (temperature pulses). Therefore, the scope of the
discussions is mostly limited to temperature pulses.

2.2.1 Why heterogeneous catalysis?

In the pulsed activation concept energy is supplied locally to the molecules that
have a high probability to take part in a desired chemical reaction. Therefore, this
energy needs to be supplied to those molecules which have all conditions for reaction
fulfilled except that there is not enough energy available to trigger the reaction. In
general, it is difficult to isolate these molecules in a reactor vessel. If the specific
molecules can not be isolated the only option available is to apply the energy pulses
to more molecules than just those that will react. The energy applied to non-reacting
molecules will spread throughout the reactor over time and is effectively lost as
waste heat.

In catalysis, the reaction predominantly takes place on the surface of the catalyst.
This makes it far more convenient to locate the molecules which have a high proba-
bility of having all conditions for reaction fulfilled, as these molecules will be those
which are on the surface of the catalyst. In heterogeneous catalysis the catalyst is
typically in the solid phase which makes it more accessible to apply energy pulses.

Another advantage of heterogeneous catalytic reactions is that at mild conditions
they accumulate reactants on the surface. The reaction and desorption steps are low,
but adsorption of reactions is not hampered as long as there are empty surface sites.
Therefore, surface coverage at mild conditions is typically high and at the switch
to the pulsed regime there are many reactant molecules available on the catalytic
surface.

Because of the beneficial practical properties of heterogeneous catalytic reactions
in this thesis pulsed activation is assumed to be in the context of heterogeneous
catalysis. Note that heterogeneous catalysis makes up the largest part of industrial
processing (85-90%) and is therefore a very relevant class of reactions [30]. However,
heterogeneous catalytic reactions are chosen merely for convenience and energy
efficiency as the core idea of pulsed activation does not critically depend on it.
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2.2.2 Timescale separation of chemical and physical processes

The idea of pulsed activation is to stimulate chemical reactions directly where it
is needed. In section 2.1.4 it was already discussed that the underlying chemical
processes are typically much faster than the physical processes. The activation pulse
duration is chosen between the duration of the chemical processes and that of the
transport processes. If the reaction is not kinetically limited local chemical processes
can be assumed to be near equilibrium at the end of the pulse regime period. The
physical transport of species to and from the surface takes more time and for short
enough pulses can be neglected altogether.

For mild base regime conditions the surface reaction only takes place during the
pulsed regime. Similarly, for very short pulses the physical transport can be assumed
to take place only when the reactor is not under influence of the pulses. Thereby, the
pulsed activation method disconnects control of physical and chemical processes.
The mild base conditions in the reactor can be optimized to facilitate transport of
material to and from the surface while the pulse conditions can be optimized for
reaction between the species and desorption of the products. In this way the physical
and chemical processes are separated and can be optimized individually.

2.2.3 Expanding on the steady state operation

Within the pulsed activation concept pulse frequency and energy content of the pulse
are optimization parameters. The reactor conditions in the base regime can be varied
just like in traditional steady state operation. If pulse frequency or energy content are
set to zero, the pulsed regime does not exist and the reactor effectively operates in the
traditional steady state mode. Varying the parameters of frequency and amplitude
to non-zero values leads to new modes of operation characterized by transients
which are not part of any steady state operation. Figure 2.5 schematically shows
the available process behavior for operation of a reaction with different control
concepts. Steady state operation gives a certain set of possibilities. The pulsed
activation concept includes the steady state but adds new possibilities for operation
through the pulses. This concept uncovers a specific part of the non-linear behavior
of the system. The total set of all possible operations is also shown, showing that
pulsed activation is just a specific expansion which uncovers part but not all of the
non-linear behavior of the reaction system.

This work focuses on the properties of chemical systems operated under the
pulsed activation concept which cannot be found under steady state operation.
These properties may be advantageous or disadvantageous in an industrial setting.
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Figure 2.5: Diagram showing the available process behavior for various control
concepts.

2.3 Advantages of pulsed activation

Applying energy pulses to a catalytic surface significantly increases the complexity of
a reaction system and therefore requires justification. This section discusses the main
advantages which can result from using pulsed activation. Where relevant, these
advantages reflect back upon the restrictions associated with traditional operation
discussed in section 2.1.

Improved reactor controllability

The desire to have fast and accurate control over rate of reaction is the main driver
behind the development of the pulsed activation concept. As described in 2.1.2 large
reactors typically have high inertia leading to poor controllability of the reaction rate.
When pulsed activation is used the rate of reaction is negligible in the base regime.
As long as no energy pulses are supplied the rate can therefore considered to be
zero. Each pulse results in a certain amount of reactant conversion and after each
pulse the mild conditions are restored quickly. Through variation of the amount of
pulses per unit of time, as well as the properties of the pulse, the time averaged rate
of reaction can be controlled precisely and nearly instantaneous. Undesired effects
such as hotspots in the reactor that are created by mass and heat transfer phenomena
on a slightly longer timescale do not occur for pulsed activation operation. Improved
controllability of reactors means they can be operated with more flexibility, speed,
accuracy and reproducibility than is possible with traditional steady state operation.
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Improved reactor safety

Many exothermic reactions suffer from the potential of thermal runaway. If the
temperature is higher than it should be the reaction rates become higher due to the
Arrhenius temperature dependence, releasing even more heat. If this heat cannot
be extracted from the reactor quickly enough the process can spiral out of control
causing serious damage. In the pulsed activation concept at the base regime there
is not enough energy available to stimulate reaction. When a pulse is applied its
energy is only available locally and for a short time. Since the bulk of the reactor
is still at the low temperature the surface temperature automatically returns to the
base state quickly. Therefore, the pulsed activation concept is intrinsically safe with
respect to runaway reactions.

Operation in otherwise unattainable regimes

The physical properties of reactors limit the regions in which they can operate. For
example, the maximum temperature and pressure at which a reactor can be safely
operated depends on the materials used for the reactor walls or seals. Under steady
state operation the reaction conditions can never exceed the safe region of operation.
With pulsed activation the high energy reaction conditions are created locally around
the catalyst. The melting temperature for many catalysts is well above that of many
typical reactor/sealing materials. Therefore, it is possible to drive the reaction locally
and temporarily to conditions which are outside the safe operating region for the
whole reactor. Reaction systems which benefit from very high temperatures can be
operated locally at temperatures not available under steady state operation.

Influencing selectivity towards a certain product

Undesired side- or consecutive reactions can exist in a reaction system. For instance,
multiple reaction products may be created while just one of them is (most) desired.
If these reactions have different activation barriers, they will respond differently
to temperature changes. Under pulsed activation operation with application of
sufficiently fast pulses the surface concentrations can be fundamentally different
from those under normal steady state operation. As the different reaction rates
depend on the surface concentrations differently the reactions which take place
in pulsed activation can be different from those under steady state conditions.
Therefore, the distribution of products is different and so is the selectivity.

Increased reaction rates

In steady state operation turn over numbers [32] for most reactions are in the range of
10−2 to 101 per site per second. In pulsed activation at the mild base conditions there
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is no (or very low) conversion. However, each pulse results in conversion of a certain
fraction of surface species. Each pulse can be viewed as a small batch reaction. The
amount of pulses per second supplied to the surface is an optimization parameter.
The maximum amount of pulses depends on the time required for switching and
to return to the desired conditions in the base regime. If the pulse frequency can
be made high enough, the sum of the batches can be higher than the steady state
reaction rate. A design in which pulse frequencies of up to 100 Hz are feasible is
discussed in chapter 4. Simulations showing how pulsed activation can give higher
reaction rates than steady state operation are presented in chapter 3.

2.4 Limitations of the pulsed activation concept

Besides the beneficial properties, pulsed activation may also have some negative
characteristics. This section discusses some of the potential pitfalls that might follow
from operating a process by pulsed activation.

Higher system complexity and costs

A reactor based on pulsed activation is more complex than a regular steady state
reactor. The required mechanism to supply energy directly to the catalytic surface
together with power sources and the necessary control software can represent a
significant capital investment. If pulsed operation is applied in industry, the reactor
design and operation will require a completely different approach than what the
engineers and operators are familiar with.

Less profitable use of exothermic reaction heat

Most industrially operated reactions are exothermic such that during the chemical
conversion heat is released. For highly exothermic reactions, excessive heat is
released during the chemical conversion. Therefore, the reactor needs to be actively
cooled to keep the temperature at the desired level during steady state operation.
The heat which is released is extracted from the reactor at the reactor temperature
and can be used to create steam or in heat integration. The reaction products also
leave the reactor at the high temperature. Figure 2.6 shows a graphic representation,
with cool reactants passed into a warm reactor giving off heat and warm products.

For pulsed activation, the base conditions are mild and the reactor is at a lower
temperature. To activate surface reaction bursts of energy are supplied directly to
the catalytic surface. The pulse energy spreads through the reactor and eventually
leaves the reactor through the walls or as heat in the products. The reactor itself and
the products are both at, or very close to, the mild temperature. Therefore, unless
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Figure 2.6: Steady state operation of exothermic reaction.

the heat can be captured locally and reused efficiently, both the heat released by
reaction and the heat added through the pulse itself leave the reactor under the
mild conditions. This situation is shown in figure 2.7, where cool reactants enter a
moderate temperature reactor giving off heat and products which are also at that
moderate temperature.
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Figure 2.7: Pulsed operation of exothermic reaction.

Heat released at a high temperature can thermodynamically be used to do more
work and is therefore more valuable than heat released at low temperature. Therefore,
the reaction heat which is extracted from the reactor in the pulsed activation mode
is not as useful as the heat extracted from the reactor operating under steady
state conditions. Whether this is a significant disadvantage or not depends on the
temperature at which the reaction is normally operated under steady state and
the exothermicity of the reaction. Note that this disadvantage does not apply to
endothermic reactions.

Reactants or products may not survive the pulsed regime conditions

In the pulsed regime, temperature and pressure are locally and temporarily higher
than they would be under steady state operation. It is possible that some of the
species involved in the reaction cannot withstand the conditions which are reached
within the pulse sufficiently long enough without engaging in an unwanted side
reaction. If this is the case the pulsed activation concept cannot be applied optimally
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or in the worst case can not be used at all. The peak temperature achieved and the
duration of the pulses are critical parameters to be considered.

2.5 Example application: polymerization reaction

As a practical example application of the pulsed activation concept let us discuss
polymerization reactions. For polymers the molecular weight distribution is an
important indicator of the materials properties. High molecular weight molecules
typically provide strength while low molecular weight molecules provide ductility.
Often both high and low molecular weight molecules are desired to provide strength
as well as ductility to a polymer.

Polymerization reactions consists of at least three steps [33]. The first step is
initiation which creates an active chain from a monomer molecule. Secondly, there
is the propagation step which is the addition of a new monomer molecule to the
existing chain, which is repeated many times. Finally there is the termination
step which is a reaction that ends the chain growth. At lower temperatures the
initiation and termination reactions are typically slow such that only few chains are
rapidly formed, but those chains that do get formed can grow long before chain
growth is terminated. At higher temperature both reactions are faster such that
many chains are formed quickly, but they do not grow as long before terminating.
The propagation reaction is assumed to occur readily at all temperatures once an
active chain is created. Figure 2.8 shows the molecular weight distribution for a
polymerization reaction run at different temperatures.
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Figure 2.8: Molecular weight distribution for a polymerization reaction at different
temperatures.

Many polymerization reactions rely on a catalyst to lower the activation energy
barrier for the initiation reaction such that pulsed activation may be applied. Two
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mechanisms by which pulsed activation can give improvements over steady state
operation are discussed. The main difference between the two mechanisms is length
of the pulses as compared to the lifetime of an actively growing polymer chain (the
time between the initiation and termination reaction).

1. Long pulses: customizing molecular weight distribution. If the pulses are
relatively long as compared to the lifetime of active chains the resulting molec-
ular weight distribution of the polymer will be a combination of the polymer
formed at the base regime and that formed during the pulsed regime. By
applying the low temperature in the base regime and the high temperature in
the pulsed regime a distribution similar to the desired distribution shown in
figure 2.8 can be obtained. By variation of length, frequency and/or amplitude
of the pulses over time even more exotic molecular weight distributions may
be created directly within one batch.

2. Short pulses: fast creation of high molecular weight polymer chains. For short
pulses the base regime is chosen to have such a low temperature that the rate
of the initiation reaction is negligible. A very short pulse is applied such that
the initiation reaction can be triggered, starting chain growth. If the pulse is
sufficiently intense to trigger initiation and short enough that the system can
get back to the base regime before the termination reaction occurs, active chains
may be introduced at low temperatures. These chains may grow longer than
possible with any steady state operation if the base temperature is lower than
required for the initiation reaction under steady state operation. Moreover, the
pulses may be used to speed up the initiation reaction such that high molecular
weight chains can be formed at a higher rate than is possible under steady
state operation.

Although polymerization is a promising application for the pulsed activation
concept, it is not investigated further in this thesis. The main reason is that the proof
of principle setup used in this work is built for gas phase heterogeneous catalytic
reactions and does not work with polymerization reactions.

2.6 Methods to realize pulsed activation

The pulsed activation concept relies on fast and accurate delivery of bursts of energy
locally to a catalytic surface. An important question is how to implement such a
mechanism in practice. This section briefly discusses the main options to construct
pulsed activation reactors. Particularly, it discusses the electrical heating option
which is used in the proof of principle setup described in chapter 4 for pulsed
activation experiments.
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Temperature activation by electrical heating

In this implementation the reactor is designed such that the catalyst is directly
accessible to heater elements. If the catalyst being used is conductive it may be an
option to create the heating element directly out of the catalytic material. The design
needs to be such that the thermal inertia of the heater plus catalyst particles is low
enough that the local temperature can be influenced quickly. For low thermal inertia
only little energy is needed to achieve a significant change of local temperature. Also,
a small amount of energy can easily be transported into the reactor bulk which is
required to make a fast switch from the pulsed regime back to the base regime.

Figure 2.9: Thermal activation of a heterogeneous surface reaction. Left) Steady state
operation. The gas phase, the surface and the support all have the same
temperature. Right) The same surface reaction under pulsed activation
in the pulsed regime. The support and the gas phases are at a lower
temperature than the left plot. The surface itself is temporarily brought
to a much higher temperature.

An important advantage of thermal activation is that it is based on well known
technology and can be applied on laboratory scale relatively easily. The main
disadvantage is that it is not suited to scale up to industrial level. Most industrial
catalysts consists of catalytically active nano particles on a porous support structure.
That is not a topology in which the catalyst is directly accessible to electrical heating.
Another disadvantage is that the energy efficiency is relatively low. Since only the
outer layer of the catalyst is active in reactions, only the heat which is transferred to
these atoms can influence chemical reactions. The total mass that is being heated
using a heating element is much larger than one mono layer which makes this
approach relatively inefficient from an energetic point of view. Nevertheless this
thesis focusses on temperature pulsing and presents simulations, a novel setup and
experiments on three reactionsin the following chapters.

Activation by microwave heating

Another option to deliver energy to a specific location is by using microwaves. Since
microwaves can be quickly switched on/off they are well suited as a source of
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pulsed energy. For use as a pulsed activation source the reactor needs to be designed
such that the catalytic particles themselves are especially susceptible to microwave
radiation while the rest of the reactor material is not. By applying short but intense
bursts of microwave energy the active nano particles can be heated quickly and
selectively. In case the catalyst nano particles themselves are not susceptible to
microwave radiation it is possible to place the nano particles on a support which ís
susceptible to microwave radiation. That way a rapid variation of temperature of the
nano particles can still be realized.

An advantage of localized heating by microwave energy is that it can in principle
also be applied to catalysts as they are used in industry. However, for the nano
particles and/or the support to be susceptible to microwave radiation the choice of
materials in reactor design is limited. Also it should be noted there is an ongoing
debate in literature [34, 35] on whether or not microwave radiation induces non-
thermal effects in chemical systems. This may create uncertainty about the cause of
observed phenomena in a proof of principle setup based on microwave heating.

Other activation methods

When a very strong electrical field is applied to a material, streamers of plasma will
form [36, 37, 38]. These streamers create chemically highly reactive species such
as radicals. In recent years the field of plasma chemistry has attracted increasing
attention. The advantage of using plasma as excitation source is that they can be
generated on very short timescales. Therefore, the switch between base regime and
activated regime can be done very quickly. A disadvantage is that the energy is
available not directly at the surface but rather in the form of ionized species in the
gas phase. Transfering the energy to trigger surface reactivity is an open challenge.
Futhermore, the reactive species in the gas phase may also trigger reactions directly
in the gas phase complicating analysis of surface phenomena. If these technological
challenges can be overcome pulsed plasma activation is the main candidate for
application in industry due to the high energy efficiency of plasma generation.

An alternative method is laser activation which has the advantages of being fast
and releasing energy directly at the catalyst. However, it can be applied only very
locally and needs line of sight access to the catalyst. These disadvantages make
it impractical, but it can still be an interesting topic for research purposes. Lastly,
heating with high frequency electrical fields can be an option as well. This method
has the advantage that it is contactless and is a proven heating method for more
bulky metal components over a relatively longer timescale. Getting the energy to the
catalyst in a defined way is a challenge and to get it there quickly requires very high
field strengths.
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2.7 Scope of the thesis

This chapter introduced the pulsed activation concept as a novel and fundamentally
different mode of operation for chemical reactors. For practical reasons in this work
the scope is limited to pulsed temperature activation of heterogeneous catalytic
reactions. The subsequent chapters of this thesis discuss results obtained from
research on this new method of operation both in simulation and in practice. The
key question for the success of pulsed activation is whether it can be implemented
in reactors in the future in such a way that it exploits one of the advantages giving
pulsed activation a definitive advantage from a commercial, safety or environmental
perspective. Specifically, two questions are investigated in this work:

• Can pulsed activation be used to significantly influence the processes taking
place at the surface? That is, can we in practice significantly influence and
thereby control the rate and/or pathways of a chemical reaction?

• Can pulsed activation give fundamental improvements as compared to conven-
tional operation? That is, can it be used to give results which are not obtainable
in any steady-state operation?

The next chapter investigates both questions in a simulation setting while from
chapter 4 and onward the focus is on demonstrating proof of concept in an experi-
mental setting.
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However beautiful the strategy, you should occasion-
ally look at the results.

Winston Churchill

3
Proof of Principle Simulations

Apart from obtaining fast and accurate control over the rate of reaction, one of the
most intriguing potential advantages of pulsed activation is that it might fundamen-
tally improve reaction rates and/or selectivity. It is not trivial that pulsed activation
leads to a fundamental improvement of reaction rate or selectivity as compared to
steady state operation. Therefore, a simulation model is developed to investigate
pulsed activation in this context. Using that model it is shown that pulsed activation
may indeed be used to quickly and accurately control rate of reaction as well as give
a fundamental increase in production and/or selectivity for three basic prototype
reaction schemes.

The chapter is built up as follows; In the first part, the problem of periodic
optimization of a chemical reaction is introduced as it has been discussed in periodic
operation literature since the 1960’s. Next, the simulation model for the periodic
operation of catalytic reactions is developed and the approaches available to find the
periodic solutions are discussed. Starting with section 3.4 there are three sections
which are dedicated to one prototype reaction scheme each. It is shown how pulsed
activation influences the reaction rate and/or selectivity in those reactions. Finally,
the obtained results are discussed in detail and put into context of results found in
literature.

3.1 Definition of non-steady state operation

As discussed in the introduction, it was observed in the late 1960’s that some chemical
systems operate better under non steady state conditions than they do under steady
state operating conditions. This observation led to many studies as researchers were
trying to explore the phenomenon both in practice and in theory. Thus the field of
optimal periodic control was born. Bittanti and Coloneri give a good definition of
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the periodic optimization problem [39]. Consider a non-linear system:

ẋ(t) = f (x(t), u(t)) (3.1)

y(t) = h (x(t)) (3.2)

where the function f ( · , · ) describes the evolution of the states x and the function
h( · ) gives the outputs y as a function of the system states. This system is subjected
to to the periodicity constraint

x(t + nτ) = x(t) (n ∈N) (3.3)

such that the system repeats itself every period of length τ. The quantity of inter-
est for the system, which may be selectivity, conversion or any other measure is
represented by a function of the system inputs and outputs, the function g. The
performance measure J of the system is given by the time average of the quantity of
interest measured over a full period.

J (u( · ), τ) =
1
τ

∫ τ

0
g (y(t), u(t))dt (3.4)

Using the performance measure, the optimal periodic control (OPC) problem is
defined as follows: given system functions f and h, together with a period τ and a
criterion g, to find the periodic input profile u(t) which maximizes the performance
measure J. There is no closed form solution to this OPC problem. Although it is in
general not possible to actually find the optimal input(s) for the system, it is possible
to see whether steady state operation gives a locally optimal solution. Steady state
operation is a special case of periodic operation, where the system is not changing
in time at all. In that case we have u(t) = ū, x(t) = x̄ and f (x̄, ū) = 0. In steady
state operation the periodicity constraint is trivially satisfied and the performance
measure becomes:

J̄ = g (h(x̄), ū) (3.5)

The optimal steady state (OSS) problem is to minimize the performance measure J̄
over x̄ and ū, respecting the steady state constraint that f (x̄, ū) = 0. The solution to
the OSS problem gives an underbound for the performance of the OPC solution. It is
possible that the solution to the OSS problem is also the solution to the OPC problem.
If this is not the case, i.e. if there is a non steady state solution which outperforms
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all steady state solutions, the system is called a proper periodic system. Note that
in the general case the performance function g can be a function of both the states
x and the input u. In most studies on periodic operation, including this work, the
performance is simply chosen to be a chemical measure like rate or selectivity which
is computed from the outputs only.

Using variational calculus and differentiability conditions on the system functions
f and h as well as the performance function g, a matrix test has been developed to
see whether a system is locally proper. This test is called the Π-criterion [40]. If the
Π-criterion is satisfied the system performance measure of the optimal steady state
can be improved by adding a small sinusoid to the input. Satisfying the Π-criterion
is therefore sufficient to demonstrate a periodic operation which is superior to any
steady state operation. However, if the Π-criterion is not satisfied it may still be that
larger or non-sinusoidal deviations from the steady state outperform the optimal
steady state operation. In pulsed temperature activation as described in the previous
chapter, the deviations from steady state are both large in amplitude and completely
non-sinusoidal. Therefore, the Π-criterion can not be applied to test whether pulsed
temperature activation improves over steady state operation.

Sterman and Ydstie applied the Π-criterion to several basic reaction systems
with two competing reactions [41]. They showed that periodic temperature forcing
always outperforms the best steady state operation if the activation energy for the
desired reaction is higher than that of the undesired reaction. Conversely, periodic
temperature forcing always degrades the selectivity if the activation energy for the
desired reaction is lower than that of the undesired reaction. Since the Π-criterion
was used their results only hold for small variations and moreover the model did not
use a catalytic reaction scheme. Nevertheless, for the reactions investigated in this
chapter it turns out that the results of pulsed activation are best when the activation
energy for the desired reaction is higher than that of undesired reactions.

In the periodic process operation literature, the input u(t) can represent concen-
trations, pressures, or temperature. Since periodic concentration forcing is more
straight forward to implement most results that can be found in literature deal with
concentration forcing, see e.g. [42, 43, 44, 45, 46]. Pulsed temperature activation is a
form of periodic temperature forcing. A review by Silveston from 2004 summarizes
the results for periodic temperature forcing in (heterogeneous) catalytic reactions [47].
The first landmark paper on periodic operation by Horn and Lin in 1967 actually
deals with temperature forcing [25] and they calculated that temperature forcing can
improve selectivity in a parallel (non catalytic) reaction system operated in a CSTR.
This paper was the starting point for more studies, and depending on the reaction
schematic and the kinetic parameters other studies found the best performance
at quasi steady state (QSS: input frequency lower than system eigenfrequencies)
[48, 49], at the relaxed steady state (RSS: input frequency much higher than system
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eigenfrequencies) [50, 51] or at intermediate oscillation frequencies [52] (resonance).
Solutions for the limiting cases of QSS and RSS operation may be calculated using
approximations of the system but for the frequencies in between there are no ana-
lytical methods to find solutions [53]. Numerical simulations are needed and these
show that periodic temperature at the intermediate frequencies can have very rich
dynamic behavior [53, 54].

The aforementioned periodic temperature forcing studies typically use symmetric
temperature variation around the optimal steady state at relatively low amplitudes.
The pulsed temperature activation method relies on a very short but high tempera-
ture regime followed by a much lengthier low temperature regime. Literature does
not give results for this type of operation, which are therefore derived in this chapter.
This chapter is dedicated to deriving these results for all operating frequencies.
Therefore, a model of catalytic reaction systems is introduced which is subsequently
used in numerical simulation of pulsed temperature activation.

3.2 Modeling pulsed activation

A simulation model is needed which captures the behavior of species on the surface
as well as the adsorption and desorption of reactant and product molecules. In the
catalysis field, the mean field approximation is often used to describe an ensemble
of molecules and translate microscopic processes with continuum variables such as
surface coverage and temperature [55]. Splitting the overall reaction in its individual
steps, and modeling the rate of these steps individually yields a so called microkinetic
[56] or adsorption-desorption model. Adsorption-desorption models are commonly
used to make simulation studies of catalytic reactions under periodic operation [57].
An adsorption-desorption model is also used to describe surface dynamics in this
work.

3.2.1 Purpose of the simulation model

The model developed here aims specifically to answer the question whether switch-
ing a catalyst between two regimes as discussed in chapter 2 can indeed lead to an
improvement of the rate of reaction and/or the selectivity towards a certain product
or mix of products. It is chosen to abstract from implementation details and focus on
the fundamental processes on the catalytic surface which occur if pulsed temperature
activation is applied in the most ideal setting.
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3.2 Modeling pulsed activation

3.2.2 Modeling assumptions

This subsection discusses the assumptions made for the construction of the simula-
tion model.

Large/well mixed gas volume

The catalyst is assumed to be surrounded by a large and well mixed volume of gases.
Specifically, this means the gas phase concentrations do not change significantly
when an empty catalyst surface fills with reactants or when all the surface species
desorb into gas phase. As a consequence, the gas phase concentrations can be
assumed to be constant over time within each pulse. A similar reasoning applies
to the temperature and pressure of the gases. For a large, well mixed volume the
variations in gas phase temperature and pressure can be neglected.

No gas phase reactions

This study aims to investigate surface reactions, not gas phase reactions. To have
significant rate of reaction in the gas phase the temperature of the gas needs to be
very high to overcome the large non-catalytic activation barrier. It is assumed that no
reactions take place in the gas phase. Since only the surface is heated the gas phase
largely remains at a relatively low temperature which justifies this assumption.

Instant temperature switching

In practice, switching between two operational regimes will always take time. To
focus on the fundamental question whether switching can lead to a fundamental
benefit it is assumed that the temperature can be switched instantaneously. The
simulated pulsed surface temperature profile investigated in this chapter is shown
in figure 3.1. Any thermal inertia of the surface is neglected.

Langmuir-Hinshelwood reaction schematics

It is assumed that the reaction follows a Langmuir-Hinshelwood schematic (see
section 1.4. The crucial assumption in this framework is that all the species adsorb
prior to engaging in a reaction and are distributed evenly over the surface, which
consists of identical catalytic sites. It is known that in practice for some reactions,
such as CO oxidation, the adsorbates actually form islands rather than distribute
evenly [58]. Effects such as island formation and differences between site types are
neglected.

Since different reaction complexes can be expected to behave differently under
pulsed activation, several reaction mechanisms are investigated. To specifically
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time →

te
m

p
er

a
tu

re
→

Thigh

Tlow

tlowthigh
∆T

τ

Figure 3.1: Definition of simulated (instant switching) temperature profile.

demonstrate the effects of temperature pulsing, very basic and abstract mechanisms
are used. More complex mechanisms show more complex dynamics, making it more
difficult to reach general conclusions. The chemical species in the mechanisms are
named using generic the labels A, B, etc.

Collision based direct adsorption

The collision model as described in section 2.1.3 is used to model the chance of
adsorption. Specifically this means that the frequency of collision of a species X is
given by equation 3.6 [30]. Here σ is the density of the catalytic sites in mol/m2.
MX is the molar mass of X in kg/moland CX is the gas phase concentration of X in
mol/m3.

FX =

√
RT

2πMX
σCX (3.6)

To keep the reaction systems as basic as possible it is chosen to use direct adsorp-
tion for all species. Effectively this means each molecule can adsorb and desorb
independently, no dissociation or association reactions are required. The inclusion of
such reactions is technically possible, but this introduces additional non-linearities
which complicate the investigation of the pulsed temperature effects. The effects of
pulsed activation on more complex reactions is left for future studies.

3.2.3 Model structure

Figure 3.2 shows a schematic of the structure of the model. The model itself
constitutes of equations governing the evolution of surface species and the rate of
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reactions. The states of the model are the surface concentrations for each species.
The change of these concentrations over time is given by the rates of adsorption,
reaction and desorption according to the equations used in chapter 2. These rates
are taken together to construct the surface mass balance. The gas phase conditions
(partial pressures, temperature) are assumed to remain constant and are therefore
a parameter in the model. As discussed, the temperature of the surface over time
is assumed to be switched instantly, neglecting any thermal inertia. Therefore, the
temperature is taken as a model input and the energy balance is neglected. The
rates of surface reactions and by inference the amount of molecules adsorbing to
and desorbing from the surface are the model outputs.

surface model

pressures

temperature reaction rates

INPUTS OUTPUTS

PARAMETERS

kinetics

Figure 3.2: Schematic of the model structure.

3.3 Simulation strategy

The influence of temperature activation is investigated on three different reactions.
For each of these reactions, the following steps are taken:

1. Model development. Although the structure of the model is known, the
reaction schematic and the kinetic parameters are needed to complete the
model. First, the reaction is split in its elementary steps and for each step the
rate equation is formulated. Then, using the reaction schematic the surface
mass balance equations are constructed. When the rates for each step are filled
in, this gives ODE’s which describe the rates of change for each of the surface
species.

2. Compute the steady state solutions of the model for a wide range of tem-
peratures. The kinetic models used have a unique rate of reaction at each
temperature. Setting the rates of change for the surface concentrations equal to
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zero gives a set of non-linear equations. Their solution is used to compute the
rate of reaction at that temperature. For more complex reaction systems (such
as in the consecutive reaction in section 3.6) it may not be possible to solve the
equations analytically. In that case numerical methods are used.

3. Compute the solution for temperature pulsing. First, the temperatures cor-
responding to the base regime and the pulsed regime are fixed. Next, the
periodic solution corresponding to the periodic input profile is computed for a
wide range of duty cycles. The outcome is compared to the reaction rates at
the steady state operation.

4. The mechanisms which are responsible for the different behavior are identified
and discussed in detail.

3.3.1 Numerical simulation of the model

In step 3, the periodic surface conditions and reaction rates are computed. The
equations to be solved take the form of a set of non-linear ordinary differential
equations (ODE’s). Due to the non-linearity no analytical solution is known. Two
numerical strategies are used in literature to approach this problem [59]. These
two strategies are repeated integration and solving the system using Carleman
linearization.

Repeated integration

In this strategy, the surface states are initialized to a fixed value. Starting from that
state, the periodic input is applied and the equations are numerically integrated to
find the surface concentrations as a function of time. After each period of the input
the values of the surface concentrations are compared to the values found in the
previous period. If a measure of difference between the two periods is lower than a
pre-established value, the iteration is stopped.

There is no a priori guarantee that the states converge to a solution of the same
periodicity as the input signal. However, one of the advantages of this method
is that the evolution of the states are available to the user. If the system does not
converge, periodicity over multiple periods or chaotic behavior can be detected easily.
A disadvantage of this strategy is that theoretically it is possible that even though a
number of subsequent periods are very similar due to a local flatness, the system
has not yet converged to the final solution. Therefore, the algorithm may terminate
prematurely. The non-linearities in the adsorption/desorption systems of this study
are relatively benign as they always have a 1-periodic solution and the local flatness
problem was not encountered (as far as we know).
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Another advantage of this algorithm is that integrating ODE’s is relatively straight-
forward using modern software tools. Many numerical integration algorithms are
available in various software packages. In this study, the Matlab software package
by the Mathworks is used running on an ordinary Windows XP desktop PC. The
stiff solvers ODE23s and ODE15s both do a good job of solving the model equations.

Carleman linearization

Alternatively, in some studies Carleman linearization of the non-linear model [60] is
used. This technique applies specifically to systems which have a periodic piecewise
constant input, like the temperature pulses used in this study. Carleman linearization
takes a non-linear but analytic model and approximates that model with a linear
model of certain order around a working point. Specifically, the states of the
linearized model are monomials of the original states up to the approximation order,
for example x1, x2, x2

1, x1x2 and x2
2 for a second order approximation of a non-linear

system with two states [61].
With piecewise constant input an approximation is made at each of the input

values. The advantage of these linear systems is that they can be integrated explicitly.
The states at the end of a period can be computed explicitly as a function of the
input values and the states at the start of the period. By applying the constraint
that the states of the system are the same at the end of the period as at the start, the
periodic solution can be computed directly [62]. The key advantage of this approach
is that it gives the periodic solution in one matrix computation, which is very fast if
the linearized system is not very large.

The disadvantage is that this strategy computes a periodic solution to the approxi-
mate system, which cannot be guaranteed to match the periodic solution of the actual
system. Even though it is possible to find an optimal (in the mean squares sense)
approximation of a certain order [63] the approximation always neglects higher order
effects. Furthermore, applying the constraint to find the periodic solution involves
a number of matrix computations including several matrix inversions of matrices
which may be poorly conditioned. Finally, it is entirely possible to obtain an unstable
approximation to a stable non-linear system.

For the relatively benign non-linearities in the surface model, which is polynomial
of second order in the states, the dynamics are approximated quite well by a low
order carleman linearization. However, for some pulse temperatures the numerical
stability of the algorithm was found to be poor, creating inaccuracy in the results.
Unfortunately, there is no way of detecting the inaccuracies other than comparing the
results with the repeated integration method. Since the repeated integration method
gives equal or better accuracy results than the carleman linearization, repeated
integration is the method used to obtain the results of this chapter at the cost of
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longer computation times.

3.4 The dimerization reaction

2 A −→ A2 (3.7)

The first reaction scheme that isinvestigated is one of the most basic catalytic reactions
imaginable: the dimerization. The reaction equation is given in 3.7. Although this
reaction type is rare in practice, it is has a low level of complexity which makes it
well suited to obtain first insights in the pulsed activation concept. Subsequently,
a more realistic but also more complex bimolecular reaction is investigated in the
next section. For the dimerization, under the assumption that the product desorbs
immediately, there are only one adsorption, one desorption and one reaction step
to take into account. The key mechanism of interest for this reaction type is the
competition between desorption of A and the reaction to A2.

3.4.1 Reaction mechanism

The mechanism consists of adsorption of the reactant A, which can then either desorb
back into the gas phase or take part in reaction with another adsorbed molecule to
form A2. It is assumed that the reaction product desorbs immediately, leaving two
empty catalytic sites. These steps together are given as set of equations 3.8.

A + ∗ 1−→ A∗

A∗
2−→ A + ∗

2 A∗
3−→ A2 + 2 ∗

(3.8)

Reaction rates

If A adsorbs directly and the other two steps follow Arrhenius kinetics, the rate
equations are given by equations 3.9.

r1 = FASAθ∗

r2 = ν2e−E2/RTθA

r3 = ν3e−E3/RTθ2
A

(3.9)

In equation 3.9, FA represents the frequency of collision of gas phase species
A with the surface. SA is the sticking coefficient of species and θx represent the
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fraction of the surface covered by species X. It is important to note that due to a
reaction requiring two A atoms coming together the rate of reaction r3 is quadratic
in the coverage of A. This non-linearity influences the balance between r2 and r3,
shifting more towards the r3 for higher surface coverages. Using the reaction rates
of equation set 3.9 the surface species balance is constructed as equation 3.10.

dθA
dt

= r1 − r2 − 2r3 (3.10)

Equation 3.10 is an ordinary differential equation (ODE) which describes the time
evolution of the only state of this system, the surface concentration θA. To compute
the rate of formation of A2, equation 3.10 needs to be solved as a function of the
surface temperature, which may be a function of time.

Performance measure

The performance measure for this reaction is the average rate of formation of A2,
which is given by reaction number 3. Therefore, the performance measure for the
dimerization reaction can be written as below in 3.11:

Jdim =
1
τ

∫ τ

0
r3dt (3.11)

Reaction parameters

To solve equation 3.10 the kinetic parameters as well as the collision frequency are
needed. In this work these parameters are fixed so as to investigate the influence of
the input profiles. Table 3.1 lists the parameters as they are used in the dimerization
reaction. The parameters have been chosen in realistic ranges for surface reactions.
Moreover they have been set in such a way that they form a system which responds
favorably to pulsed operation. Specifically, for this system that means that the
activation energy for the desired reaction should be higher than that of the undesired
reaction (E3 > E2) to make periodic operation beneficial, as was discussed in section
3.1 and in reference [41]. In practice this means that the surface reaction should
be more temperature dependent than the desorption of the reactant. Note that
the frequency of collision FA is also dependent on the gas phase temperature and
therefore is not stated explicitly in the table. The frequency is computed individually
for the different regimes using equation 3.6.
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Parameter Value Parameter Value
SA 0.1 - MA 28 · 10−3 kg/mol
ν2 1 · 1012 1/s E2 60 · 103 J/mol
ν3 1 · 1012 1/s E3 100 · 103 J/mol
pA 100 Pa

Table 3.1: Kinetic parameters of the dimerization reaction.

3.4.2 Steady state solution

When the temperature is kept constant the system converges to a steady state point
where the rate of change is equal to zero. This point can be calculated by setting
dθA
dt = 0 in equation 3.10 and solving for θA. The resulting equation is quadratic with

only one solution which satisfies the restriction that θA must be between zero and
one. Figure 3.3 shows the steady state solution of θA plotted against temperature
in the left plot. The right plot shows the resulting rate of r3 which represents the
amount of product A2 formed per unit of time.

At low temperatures the surface fills up with reactant A over time. Even though
many reactant molecules are present the rate of reaction is very low due to the
high activation energy of the surface reaction step. At higher temperatures both the
desorption and the reaction rate constants increase, leading to a lower coverage and
a higher rate. At a certain point the reaction rate has a peak beyond which the low
coverage due to the desorption dominates the reaction rate. The maximum turn over
number achievable is approximately 0.04 product A2 molecule per site per second.
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Figure 3.3: Dimerization reaction at steady state. Left: surface coverage of reactant
A. Right: rate of surface reaction.
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3.4.3 Pulsed temperature solution

The pulse profile applied to the surface is specificatied by the parameters in table
3.2. The periodic solution of the reaction system subjected to this pulsed profile
has been computed numerically by repeated integration and is shown in figure 3.4.
Clearly the temperature switching between 300 K and 1000 K leads to a different
behavior than is observed in steady state at either 300 K or 1000 K. At the time
during which the system is at 300 K the catalyst slowly fills up with reactant A.
When the temperature is raised to 1000 K all the molecules which are present on the
surface quickly desorb or react. Most of the molecules desorb into the gas phase.
Even though the surface was initially almost fully covered with A, each pulse creates
’only’ about 0.004 molecules of A2 per site.

Parameter Value Parameter Value
TL 300 K TH 1000 K

thigh 1 · 10−6 s tlow 1 · 10−3 s

Table 3.2: Parameters of the pulsed temperature profile.
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Figure 3.4: Dimerization under temperature pulses. Left: surface coverage of reactant
A. Right: amount of product A2 formed.

Every time the temperature is switched to the high value a small batch of product
is created in a very short time. At the low temperature the rate of formation of
A2 is nearly zero and the time is used simply to fill the catalytic sites with A. This
alternation between high formation of A2 for a very short time and low formation
for a long time creates the characteristic staircase profile of the right sub-figure. The
frequency of the pulses determines the average production per unit of time. When
switching at 1000 times per second as chosen in this case the turn over number is
approximately 4 molecules of A2 per site per second, which is roughly two orders
of magnitude higher than the absolute maximum achievable with any constant
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temperature.
Pulsing at a lower frequency gives a lower time averaged reaction rate. Similarly,

pulsing faster increases the rate, as long as the surface still has enough time between
the pulses to fill up with A. This way the time averaged production can be varied
precisely and quickly. Figure 3.5 shows what happens to the average rate when the
length of the base regime is varied. In the left sub-figure it is shown that setting tlow

appropriately allows for quick and accurate control of the rate from zero up to the
maximum of around 30 per site per second (almost three orders of magnitude higher
than the maximum from steady state operation). In the right sub-figure it is shown
that as long as tlow is large enough to allow the surface to fill up, the formation of A2

is always approximately 0.004 per site per pulse. If tlow is shorter the yield per pulse
decreases but the total rate can still increase due to the higher pulse density. At
some point the rate per pulse becomes so low that the total formation rate eventually
decreases to zero.
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Figure 3.5: Variation of tlow. Left: time averaged production. Right: production per
pulse. The marker corresponds to the parameters of figure 3.4.

The increase in production that is realized by the pulsed operation concept is due
to the temporary existence of a high surface temperature in combination with surface
concentrations which are normally only found in low temperatures when operating
in steady state. It is a fundamental result of the instantaneous switching between low
and high surface temperatures that is not possible at any constant temperature. For
the dimerization reaction with these kinetic parameters the reaction rate can be more
than two orders of magnitude faster than is possible for any fixed temperature. It
should be noted that the simulation results depend heavily on the kinetic parameters.
Specifically, the pulsed activation result is better than steady state operation if the
activation energy for reaction is higher than for desorption, making the reaction rate
more sensitive to temperature changes. Though the dimerization reaction shows how
pulsed activation may work in a very basic reaction scheme, catalytic dimerization is
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rare and not very representative of actual catalytic reaction systems. Most industrial
reaction systems involve at least two distinct reactants.

3.5 Bimolecular reaction

A + B −→ C (3.12)

The bimolecular reaction as given in equation 3.12 is similar to the dimerization
reaction but it is more complex due to the presence of two reactants rather than
just one. Both molecules adsorb to the surface and one of each is needed to form
the product. Most industrial reaction systems are based on two reactants, though
there can be differences in exact mechanism. In this work the most basic bimolecular
mechanism is used. A critical feature of the bimolecular reaction is that it is possible
to have competition for available surface sites between the two reactants.

3.5.1 Reaction mechanism

The most basic reaction mechanism for the bimolecular catalytic reaction is given
in equation set 3.13. The surface species are again the reactant molecules which
can adsorb directly and desorb back into the gas phase. Like with the dimerization
reaction it is assumed that once the product is formed it desorbs immediately.

A + ∗ 1−→ A∗

A∗
2−→ A + ∗

B + ∗ 3−→ B∗

B∗
4−→ B + ∗

A∗ + B∗
5−→ C + 2 ∗

(3.13)

Reaction rates

The rates for each of the steps are given in equation set 3.14. The speed of the surface
reaction (step 5) depends on the product of the coverages for A and B. If only one of
the reactants dominates the surface, the product of θAθB will be low and therefore
the rate of reaction will be low.
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r1 = FASAθ∗

r2 = ν2e−E2/RTθA

r3 = FBSBθ∗

r4 = ν4e−E4/RTθB

r5 = ν5e−E5/RTθAθB

(3.14)

Using the elementary reaction steps, the mass balances for the surface species
can be formulated as in equation set 3.15. Since there are now two surface species,
the mass balances now form a system of two coupled ODE’s which describe the
evolution of the surface species in time.

dθA
dt

= r1 − r2 − r5

dθB
dt

= r3 − r4 − r5

(3.15)

Performance measure

For the bimolecular reaction the species of interest is the product C. Therefore, the
performance measure is defined as the rate of formation of C, averaged over a
complete pulse period τ. The formation of C is given by reaction step 5. Therefore,
the performance measure Jbi is defined as:

Jbi =
1
τ

∫ τ

0
r5dt (3.16)

Reaction parameters

Table 3.3 shows the kinetic parameters used for this reaction mechanism. To investi-
gate the effects of competition for sites in this reaction the adsorption and desorption
kinetics have been chosen differently for the two species. While species B has a
higher sticking coefficient, it also desorbs more easily. The activation energy for the
surface reaction (step 5) is higher than that of the desorption steps, which helps
make periodic operation favorable. Note that if the collission frequencies as well
as the sticking coefficients and desorption kinetic parameters are chosen equal for
species A and B, the reaction mechanism essentially reduces to the dimerization
reaction.
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3.5 Bimolecular reaction

Parameter Value Parameter Value
pA 5 · 104 Pa pB 5 · 104 Pa
SA 2 · 10−5 - MA 28 · 10−3 kg/mol
SB 2 · 10−4 - MB 32 · 10−3 kg/mol
ν2 1 · 1011 1/s E2 60 · 103 J/mol
ν4 1 · 1011 1/s E4 45 · 103 J/mol
ν5 5 · 1013 1/s E5 100 · 103 J/mol

Table 3.3: Kinetic parameters used in the simulation of the bimolecular reaction.

3.5.2 Steady state solution

Equating the rates of change of the surface coverages to zero in equation set 3.15
yields a quadratic matrix equation. Due to the structure of the equations this set can
be reduced to a single quadratic equation. The quadratic equation has two solutions,
one of which has both surface coverages between zero and one. Figure 3.6 shows
these solutions as a function of temperature. From the left sub-figure it is clear that
in steady state the species A dominates the surface. The other reactant B desorbs
more easily and is therefore pushed out by A in the steady state equilibrium. The
right sub-figure shows the rate of formation of the product C (step 5) when the
surface concentrations are in equilibrium. The reaction rate peaks at around 0.33 per
second at a temperature of approximately 470 K.
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Figure 3.6: Bimolecular reaction under steady state. Left: surface coverage of both
reactants A and B. Right: rate of surface reaction.

3.5.3 Pulsed temperature solution

Figure 3.7 shows the solution for the bimolecular reaction when the surface tempera-
ture is switched according to the parameters in table 3.4. When the temperature is
low, the empty surface quickly fills with both reactants. The frequency of collision
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3 Proof of Principle Simulations

Parameter Value Parameter Value
TL 300 K TH 1000 K

thigh 1 · 10−6 s τ 1 · 10−3 s

Table 3.4: Parameters of the pulsed temperature profile.

is roughly the same for species A and B. However, the sticking coefficient for B
is higher than that of A such that the surface is initially dominated by species B.
However, B also desorbs more easily than A and therefore the balance of surface
coverages slowly shift to the steady state value in which A is actually the dominant
species.
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Figure 3.7: Bimolecular reaction under temperature pulses. Left: surface coverage of
both reactants A and B. Right: amount of product C formed.

If the temperature is switched to the high value before the coverages are near the
equilibrium values, a mix of surface species is present at a high temperature which
does not exist at any steady state. The desorption of A and B are the dominant
reactions, also at the high temperature. Even if the concentration of A is almost 0.2
when the pulse starts, the total amount of C produced in one pulse is only around
0.06. Still this means that at a repetition rate of 1000 pulses per second as in this
figure, the total time averaged turnover is almost 64 per second. At these pulsed
conditions the turnover is a factor of 200 higher than the peak turnover for any
constant temperature.

The increase in rate of surface reaction is due to the high surface coverage of
B at the time of the switch to the high temperature. The high surface coverage
is only present in the transient dynamics and is not observed in any steady state.
Figure 3.8 shows how the average reaction rate depends on the time spent at the low
temperature. In this case the peak production of C possible with these temperature
pulses is more than 300 per second per site, a factor 1000 higher than possible for
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3.5 Bimolecular reaction

any constant temperature. By variation of the time at which the surface is at the
low temperature, the rate of the reaction can be controlled quickly and accurately
between zero and the peak value.
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Figure 3.8: Variation of low temperature time. Left: time averaged production. Right:
production per pulse. The marker corresponds to the parameters of
figure 3.7.

The right sub-figure shows the production of C per pulse given. The peak is
at nearly 0.1 per pulse, when the surface is kept at 300 K for approximately 4 ms.
For this value the coverages of A and B are both near 0.5 when the temperature
is switched, maximizing the rate of step 5. If the pulse frequency is increased, the
yield per pulse decreases but the total production increases due to the increased
pulse density. If the pulse frequency is decreased, the surface concentrations go
nearer and nearer to their steady state value for 300 K and the advantage is lost. For
pulse periods larger than 50 ms the production per pulse remains constant, since the
surface concentrations are close to their steady state values and the transients have
died away.

Note that the use of transients to increase the rate is a different mechanism
than the mechanism which was observed in the dimerization reaction. In the
dimerization reaction the boost of reaction rate was due to switching the surface
coverage associated with the low temperature steady state value and exposing it
to a high surface temperature. In the bimolecular reaction, the temperature switch
is made at the time when the surface concentrations have not yet reached their
steady state values. Therefore, the surface concentrations at the time of switching
are different than is possible to have in any steady state. The mechanism by which
pulsed activation improves over steady state operation is different than that for the
dimerization reaction. For other kinetic parameters it is possible to create a proper
periodic system which behaves in the same way as the dimerization reaction.
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3 Proof of Principle Simulations

3.6 The consecutive reaction

A + B −→ C (3.17)

A + C −→ D (3.18)

For the last reaction investigated in this work the bimolecular reaction is expanded
with an additional consecutive reaction as shown in equation 3.17. Reaction mecha-
nisms similar to this can be found, for instance, in partial oxidation/hydrogenation
reactions. In this scheme it is assumed that C is the desired product and D is a (waste)
product of less value. The selectivity of this reaction towards the desired product is
what makes this reaction type particularly interesting. In this section the influence
of pulsed operation on the selectivity as well as the total yield is investigated.

3.6.1 Reaction mechanism

The reaction mechanism for the consecutive reaction is given in equation 3.19. In
comparison with the bimolecular reaction two additional reaction steps are included,
and step 5 is changed such that C can stay on the catalyst. Once a molecule of C
is formed, it can either desorb into the gas phase through step 6, or engage in a
reaction with a surface species A to form D in step 7. The waste product D desorbs
immediately and does not stay on the catalyst.

A + ∗ 1−→ A∗

A∗
2−→ A + ∗

B + ∗ 3−→ B∗

B∗
4−→ B + ∗

A∗ + B∗
5−→ C∗ + ∗

C∗
6−→ C + ∗

A∗ + C∗
7−→ D + 2 ∗

(3.19)

Reaction rates

Equation 3.20 shows the rates for each of the reaction steps discussed above. Two
reactions create gas phase products, namely step 6 and step 7. The rate of step
6 is used as measure of product C formation, while reaction step 7 gives the rate
of formation for the waste product D. Note that both are linear in coverage of C,
with rate 7 also depending linearly on the coverage of A. The surface reaction steps,
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3.6 The consecutive reaction

numbers 5 and 7, are depending on a multiplication of two surface concentrations
and are therefore non-linear in the states.

r1 = FASAθ∗

r2 = ν2e−E2/RTθA

r3 = FBSBθ∗

r4 = ν4e−E4/RTθB

r5 = ν5e−E5/RTθAθB

r6 = ν6e−E6/RTθC

r7 = ν7e−E7/RTθAθC

(3.20)

The mass balance at the surface for each of the surface species are given by
equation set 3.21.

dθA
dt

= r1 − r2 − r5 − r7

dθB
dt

= r3 − r4 − r5

dθC
dt

= r5 − r6 − r7

(3.21)

Performance measure

In this reaction scheme it is not just the rate of formation of C that is interesting but
also the selectivity towards C. The selectivity S is the fraction of the total products
that is the desired product C and is given by 3.24. The rates of formation of C and D
are given by RC and RD respectively.

RC =
1
τ

∫ τ

0
r6dt (3.22)

RD =
1
τ

∫ τ

0
r7dt (3.23)

S =
RC

RC + RD
(3.24)

Although selectivity in itself is important it is not very useful to have a high
selectivity if the rate of reaction is almost zero. Therefore, the reaction rate and the
selectivity are combined in the performance Jcons:

Jcons = RCS (3.25)

59
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Reaction parameters

The kinetic parameters used in this reaction are given in table 3.5. The adsorption and
desorption kinetics for species A and B are similar to those in the bimolecular reaction
example. The reaction parameters are such that even at moderate temperatures
the reaction towards C proceeds quickly. However, both the desorption of C and
the reaction towards D have high activation energies such that they are highly
temperature dependent. The desorption of C has the highest activation energy.

Parameter Value Parameter Value
pA 5 · 104 Pa pB 5 · 104 Pa
SA 1 · 10−4 - MA 28 · 10−3 kg/mol
SB 2 · 10−4 - MB 32 · 10−3 kg/mol
ν2 1 · 1012 1/s E2 65 · 103 J/mol
ν4 1 · 1012 1/s E4 60 · 103 J/mol
ν5 1 · 1013 1/s E5 80 · 103 J/mol
ν6 1 · 1011 1/s E6 140 · 103 J/mol
ν7 1 · 1012 1/s E7 100 · 103 J/mol

Table 3.5: Kinetic parameters used in the simulation of the consecutive reaction.

3.6.2 Steady state solution

Setting the rates of change to zero in equation set 3.21 yields a set of three coupled
nonlinear equations. Unfortunately for this system it was not possible to find a
simplification that could give an analytic expression for the solution. Therefore, the
solution has been obtained numerically using the ‘fsolve’ function from Matlab. The
steady state solution to this system is shown in figure 3.9.
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Figure 3.9: Consecutive reactions at fixed temperature. Left: surface coverage of
species A, B and C. Right: rate of reaction steps 6 and 7.
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3.6 The consecutive reaction

Due to the high activation energies of the desorption of C and the reaction to D
the surface is completely covered by C at lower temperature. At higher temperatures,
space becomes available at the catalytic surface since the reaction and desorption of C
become more significant. Because the activation energy for the undesired reaction to
D (step 7) is lower than that of desorption of C (step 6) the reaction to D is dominant
at the temperatures around 600 K. Note that even though there is only a tiny amount
of A on the surface, the reaction to D can still dominate the desorption step in this
temperature region. For even higher temperatures the desorption of C becomes
more prominent and since there is even less A on the surface the desorption step
eventually becomes dominant for temperatures over 760 K. For these temperatures
the rate of formation of C (step 5) is already dropping due to the low coverage of A
and B. Therefore, in steady state operation the peak production of C is approximately
0.44 per second at 770 K. However, at this temperature there is still a significant
production of D.
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Figure 3.10: Steady state operation performance. Left: Steady state selectivity. Right:
Performance measure Jcons.

Figure 3.10 shows the selectivity towards the product C and the performance
measure for constant temperature operation. The left plot shows that for higher
temperatures the reaction mechanism favors the desired product. At lower tempera-
tures the undesired product D is favored. If selectivity is the only relevant parameter
this reaction should be operated at as high a temperature as possible. However, at
temperatures at which there is a high rate of reaction the selectivity is low and at the
temperature where there is high selectivity the rate of reaction is low. The right plot
shows that the performance measure which includes both selectivity and reactivity
has a peak of almost 0.3 at a temperature at approximately 810 K.
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3.6.3 Pulsed operation solution

Figure 3.11 shows the effects of applying a pulsed temperature profile to this reaction
mechanism. The parameters of the pulses applied are given in table 3.6. The left
sub-figure shows that during the 400 K period A and B quickly fill a part of the
catalytic surface until their adsorption and desorption reactions are in equilibrium.
More slowly, A and B species on the surface start converting into C. Well before the
conversion is completed the temperature is switched to 1000 K. At high temperature
the species A and B desorb very rapidly. After this desorption there is only C left,
which then desorbs more slowly into the gas phase. Even though there was initially
a significant amount of A and C on the surface, the rapid desorption of A prevents
significant amounts of D from being formed. The right sub-figure shows that both
the C and D production follow the familiar staircase pattern in time. The average
production of C over time for these pulses is over 30 per second per site, where the
maximum for any steady state temperature is around 0.4, again an improvement
of almost two orders of magnitude. The selectivity towards the desired species C
for these pulses is over 98%, which is almost the same as the absolute maximum
available in any steady state for temperatures up to 1000 K. In steady state the
maximum rate of C production and the maximum selectivity towards C occur at
different temperatures. With the pulsed operation concept the maximum reaction
rate is fundamentally improved, while at the same time maximizing the selectivity.

Parameter Value Parameter Value
TL 400 K TH 1000 K

thigh 1 · 10−3 s tlow 1 · 10−2 s

Table 3.6: Parameters of the pulsed temperature profile.

The improvement in rate is due to the different behavior at high and low tempera-
tures. At the low temperature the adsorption of A and B as well as the formation of
C can take place. However, the molecules of C on the surface do not have enough
energy available to desorb back into the gas phase. During the high temperature
pulses this energy is supplied and C is released, freeing the surface to adsorb more
A and B for more C formation. A potential problem in this scheme is that by pulsing
not only the desorption of C is stimulated, but also the undesired reaction to D.
For the kinetic parameters of table 3.5 this does not happen since most of the A
molecules on the surface desorb rather than react with C. The difference in speed of
reaction and desorption are exploited through the temperature switching to improve
the rate/selectivity.

Figure 3.12 shows the rates of production of C if the time which is spent at the
base regime temperature is varied. The results are similar to that of the bimolecular
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Figure 3.11: Consecutive reactions with pulsed temperature activation. Left: surface
coverage of species A, B and C. Right: amount of products C and D
formed.

reaction. Decreasing tlow gives a lower yield per pulse but the total production
still increases due to the higher pulse frequency. The peak averaged production is
approximately 55 at just over 18 ms. By appropriately choosing a value for tlow the
average rate can be set to any value between zero and 55.

Figure 3.13 shows the influence of the tlow variation on the selectivity and perfor-
mance measure Jcons. Due to the very fast desorption of A the selectivity is always
high (above 98%). For some values of tlow the selectivity is even above the maximum
observed in steady state at 1000 K. The minor variations in the selectivity are due
to small amounts of D produced in the low temperature regime. Due to the high
selectivity, the plot of the performance measure is nearly the same as that of RC

in the left of figure 3.12. The peak performance is approximately 54 1
s , more than

two orders of magnitude higher than the peak performance attainable with constant
temperature.

It is clear that the pulsed activation concept allows to drive this reaction towards
points in the rate/selectivity plane which are not accessible at any steady state
temperature.

3.7 Discussion of results

For each of the three investigated mechanisms it has been shown that pulsed
activation can be used to control the rate of reaction. In this chapter, the pulse
frequency is used as a degree of freedom to control the rate. Increasing the frequency
leads to increased rate of reaction up to a maximum beyond which the pulses are
so close together that there is not enough time in the base regime to recover from
the pulses. Manipulating pulse frequency is an effective method to control rate of
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Figure 3.12: Variation of tlow. Left: time averaged production. Right: production per
pulse. The marker corresponds to the parameters of figure 3.11.
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reaction since it can be easily varied. Alternatively, it would also be possible to fix
the pulse frequency and use the pulse amplitude as a parameter to control the rate
of reaction. However, the pulsed activation concept was developed keeping in mind
the Arrhenius type temperature dependence of elementary steps and exploiting this
nonlinearity as much as possible. Due to the nonlinear behavior, high amplitude
pulses are much more efficient and there is no incentive to decrease pulse amplitude
to control the reaction rate. Therefore, it is not presented separately in this chapter.
In chapter 5 (measurements) it is shown that high amplitude pulses are indeed the
most effective in practice. Nevertheless, it is perfectly possible to use pulse amplitude
to control the rate of reaction.

Apart from using pulsed activation to control the rate of reaction, it has been
demonstrated that it can lead to a fundamental increase in the rate and/or selectivity.
For all three prototype reactions, a two order of magnitude increase is realised over
the optimal steady state operation. How the nonlinearities lead to this increase
can be different between different reactions. Even for these three basic prototype
reaction mechanisms, three completely different reasons for improvement by pulsed
operation have been identified:

1. Combining high temperature with surface concentrations which belong to the
low temperature equilibrium. This effect was exploited to improve the rate
in the dimerization reaction. It is also the reason that there are selectivities
possible which are better than any steady state selectivity in the consecutive
reaction type.

2. Switching from low to high temperature before the surface concentrations are
near their equilibrium values. This effect exploits the dynamics and realizes
combinations of surface concentrations which do not exist in any steady state.
The bimolecular reaction rate was improved using this effect.

3. Exploiting the difference in time constants for different reaction steps. Pulsed
activation selectively improved the relative rate of one subreaction in the
consecutive reaction scheme.

A characteristic result shared by all three reaction mechanisms under pulsed
operation is the staircase shape of the total product formed over time. Under steady
state the reaction rate is constant and the product yield is a straight line in time. In
the pulsed activation concept there is batch-wise production. The rate achieved by
pulsed operation is the multiplication between the amount of pulses per second and
the production per pulse. If in the pulsed regime the adsorption is negligible as
compared to the desorption and reaction rates, the maximum product formation per
pulse is equal to the coverage at the start of the pulse. Since the relative coverage
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can never be higher than one, the absolute limit of the turnover number is equal to
the number of pulses given each second. If reaction under steady state already has a
very high turnover, the pulsed operation concept may not increase the reaction rate
at all. However, if in steady state the maximum reaction rate is low pulsed operation
may give a significant increase as was demonstrated in this chapter.

3.7.1 Comparison to simulation results in the literature

In literature, temperature switching models have been applied to catalytic systems
before. Specifically, van Neer and co-authors [59] is the primary reference for periodic
temperature actuation of catalytic reactions, see e.g. the review by Silveston [47] and
the more recent microreactor temperature forcing studies [64, 65].

Interestingly, Van Neer et al. uses the same assumptions during the modeling of
the reaction and therefore arrives at the same model structure. As reaction scheme,
they use the same bimolecular scheme that is discussed in section 3.5. And since
they also use the same methods to solve the equations, it is essentially the identical
problem as studied in this chapter. However, there are two very important differences
which should be noted:

1. The study by Van Neer et al. only uses a symmetrical temperature profile,
i.e. the time spent at the high temperature is equal to the time spent at
the low temperature in each period. Even though they develop the model
explicitly using a parameter ε defining the duty cycle, all their results use a
duty cycle of 50%. A critical property of pulsed temperature activation is that
the low temperature regime is optimized for different processes than the high
temperature regime. Therefore each regime is optimized separately, both in
temperature value and in duration.

2. The kinetic parameters as used in the Van Neer et al. study are not representa-
tive for real catalytic reactions as they already state in their study. Specifically,
the pre-exponential factors for desorption used are as high as 1028, far higher
than may be assumed realistic. Their pre-exponential factor for the surface
reaction is only 1000, far too low to be realistic [66]. These exotic parameters
were chosen to get an improvement over steady state operation in the 50%
dutycycle actuation.

The Van Neer et al. study uses a temperature difference of 200 K between the
low temperature and high temperature regime. A very wide frequency range is
investigated, but duty cycle is kept constant at 50% and amplitude at 200 K. Using
unrealistic kinetic parameters a maximum increase in reaction rate of a factor of
seven is found as compared to the optimal steady state temperature. In this work, an
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increase of roughly a factor of 100 is found without optimizing towards maximum
increase, while using kinetic parameters in realistic ranges. Therefore, the chances
are higher that the simulation results can be replicated in physical reaction systems.

Interestingly, these results were found using essentially the same mathematical
model. It is important to realise that this work uses a different mindset, which
underlies the pulsed activation concept. The fact that Van Neer et al. could not
find significant improvement without resorting to exotic kinetic parameters is likely
because the two regimes were not considered separately. The paradigm of taking the
optimal steady state temperature and applying a symmetric temperature variation
around that temperature was not abandoned. That paradigm goes all the way back
to the original study of Horn and Lin [25] and is also what lies at the basis of
the Π-criterion. The pulsed temperature activation concept approaches the same
problem from a less restrictive angle and therefore yields different results.

As a consequence of sticking to the symmetric temperature paradigm, Van Neer et
al. make the following statement: "An important condition for the occurrence of resonance
under temperature oscillations is the dissimilar dynamic behaviour of A and B with respect
to the adsorption and desorption on the surface.". That statement is incorrect in general,
even though it might hold for symmetric temperature deviation around the optimal
temperature. As stated in section 3.5, if the dynamic behavior adsorption/desorption
behavior for A and B are identical, the reaction scheme essentially reduces to the
dimerization reaction scheme which was discussed in section 3.4. For the dimer-
ization reaction it certainly is possible to find resonance (maximum performance
measure at an intermediate frequency), as is evident from figure 3.5.

3.7.2 Kinetics and reaction schemes used

In this chapter only one set of kinetic parameters was considered for each reaction
system. Although the kinetic parameters have been chosen in realistic ranges, it
should be noted that there are also combinations of kinetic parameters for which
pulsed activation does not lead to a fundamental rate increase over the optimum
steady state. Also, there are many more reaction mechanisms out there than the
basic prototype reactions which are discussed here. More complex mechanisms
show richer behavior than the models considered here. How pulsed operation affects
other reaction mechanisms can vary significantly. Some changes may mean pulsed
operation can offer improvement in different ways then considered here, others may
cause pulsed operation to fail to improve over steady state operation at all. Certainly
there are many opportunities left for further studies.
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3.7.3 Instantaneous temperature switching

The temperature profile used for simulation is instant temperature switching. The
instant switch ensures that the surface concentrations do not gradually change to
their high temperature equilibrium value. The combination of high temperature with
the surface concentrations corresponding to low temperature values is what makes it
possible to achieve the fundamental improvements obtained in this chapter. However,
in a real catalytic system there is always an inertia for changing the temperature of a
surface. Therefore, any practical setup cannot have instant temperature switching
and must show a temperature gradient over time.

The potential impact of a non instant increase/decrease in temperature is that
surface species concentrations have a chance to adsorb, desorb and/or react during
the gradient. Especially desorption of species before the peak temperature is reached
can potentially undo the improvements obtained in simulation. How much influence
a temperature gradient has depends on how long it takes to reach the new tempera-
ture compared to how long it takes for species to significantly adsorb/desorb/react.
Recalling the timescales involved in catalytic reactions, shown in figure 2.4, the time
constants for desorption can be anywhere from 10−14 s to 100 s. The actual time
constants for a given process depend on the kinetic parameters. The influence of a
temperature gradient will be negligible for gradients much faster than the adsorp-
tion/desorption/reaction time constants and it will be dominant for temperature
gradients much slower than those time constants.

If it is desired to use the pulsed activation concept to fundamentally increase rate
of reaction and/or selectivity through the mechanisms identified in this chapter, the
switching between the regimes needs to be fast enough for that particular system
that the influence of the gradients do not become dominant.

3.8 Conclusion

This chapter introduced the periodic optimization problem and discussed how it
can be applied to catalytic systems in the context of pulsed activation. Specifically,
the effect of periodically raising the temperature to 1000 K is compared to operation
at any constant temperature between 300 K and 1000 K in three basic prototype
reactions. For each of the three prototype reactions investigated it has been shown
that time averaged rates can be controlled precisely by changing the frequency of
the temperature pulses. Therefore, at least in a simulation environment, the primary
goal of obtaining fast and accurate control over the rate of reaction through using
the pulsed activation concept has been realized.

Furthermore, it was shown that for the kinetic parameters used (which are in
realistic ranges) the time averaged rate of reaction can be increased by two orders of
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magnitude as compared to the rate at any constant temperature. In the consecutive
reaction type the increase in reaction rate occurs at very high selectivity towards the
desired product. For each reaction, the mechanism by which this increase is realized
is identified. The underlying mechanism is shown to be different for each of the
prototype reactions.

Through the application of asymetric temperature pulses, the improvement over
the optimal steady state is significantly greater than the results obtained in a litera-
ture study using essentially the same bimolecular reaction model [59]. The different
mindset that comes with the pulsed activation concept was instrumental in uncover-
ing these results. Since this is a pioneering study mainly aiming to introduce pulsed
activation there are ample opportunities for future studies of other mechanisms,
kinetics and/or operating conditions.
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I think that in the discussion of natural problems
we ought to begin not with the Scriptures, but with
experiments and demonstrations.

Galileo Galilei

4
Proof of Principle Setup

Chapter 2 introduces pulsed temperature operation as an alternative way of operating
heterogeneous catalytic reactions with several expected advantages. In chapter 3
fundamental improvements were realized in simulation for temperature pulsing of
reactions with favorable kinetics. However, it is essential to investigate the effects
of temperature pulsing on actual catalytic reaction systems. Therefore, a proof of
principle setup was built, which is the subject of this chapter.

To the authors knowledge, creation of catalyst temperature gradients as high as
required for the pulsed activation concept has not been realized before. The closest
results found in literature are from Sotowa and coworkers [67]. Sotowa also built a
setup for forced thermal temperature cycling of heterogeneous catalytic reactions.
However, in their design the catalyst and heating element is a free floating platinum
wire. This design is capable of applying a periodic temperature with a period of 1 s,
which is limited by the time the wire needs to release its heat to its surroundings.
Heating and cooling rates at the timescales required for the pulsed activation concept
were not found in literature. Actually, prior to the construction of this setup it was
not known whether creating such temperature gradients is practically feasible or to
what degree the catalytic material can survive the thermal and mechanical stress
induced by the required temperature pulses.

Therefore, two separate objectives have been set that the setup design needs to
achieve:

1. Demonstrate that it is possible to apply fast temperature pulses of a significant
amplitude to a catalytic surface in a predictable and repeatable manner.

2. Demonstrate that such temperature pulses have a significant influence on
surface processes such that they can be used to quickly and accurately control
reaction rate and/or selectivity.
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4 Proof of Principle Setup

This chapter focusses on the first objective, as it discusses the design of the setup
and the temperature pulses created on the surface. The second objective is discussed
in the next chapter, where the temperature pulses are applied to actual catalytic
reactions. To allow other researchers to reproduce the results obtained in this work a
complete description of the design is given. Specifically, the design of the setup is
split in two complementary elements:

• The base reactor infrastructure which consists of a continuous flow micro
reactor with the necessary infrastructure and analytic techniques to investigate
heterogeneous catalytic reactions. This part of the setup is called the ’nominal
design’.

• A catalytic element for which the surface temperature can be pulsed. This part
includes the required pulsing electronics. It is named the ’pulsing design’.

The chapter is organized as follows. First, an overview of the complete setup is
given, with specific design constraints and operational parameters. Subsequently, the
pulsing design is discussed in detail in section 4.2 followed by the nominal design
in section 4.3. Since predictability and repeatability of experimental conditions are
an important part of the design objective the setup is highly automated. Section
4.4 discusses the automation which is realized using LabVIEW [68]. An example of
data from an experiment using the complete setup is given in section 4.5. Finally,
in section 4.6 the complete design is evaluated by discussing the properties of the
actual temperature pulses created as well the effect of the pulses on the integrity of
the wafers.

4.1 Overview of the completed setup

The setup built to experimentally investigate pulsed activation is shown in figure
4.1. It consists of several functional modules which are indicated in the figure. All of
these modules are discussed in section 4.3 with the exception of the ’pulse electronics’
module. The pulsing device which is embedded in the reactor and the electronics
module make up the most significant innovation and they are discussed first in
section 4.2.

The main goal of the experiments done with this setup is to investigate the effects
of temperature pulsing on heterogeneous catalytic reactions. Due to the amount of
operational parameters available this is a very broad research question. It is very
likely that temperature pulsing has different effects on different reaction mechanisms.
Even in different operational regimes of one specific reaction the results are expected
to vary significantly as has been discussed in chapter 3. It is therefore desired to
design a reactor which can be used to run different heterogeneous catalytic reactions,
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4.1 Overview of the completed setup

Figure 4.1: Overview picture of the complete proof of principle setup.
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under a wide range of operational conditions (temperature, pressure, concentrations
and residence time).

Apart from this desired flexibility in the operation of the reactions, it is also
desired to have flexibility in the parameters of the temperature pulsing (amplitude,
frequency). The operational specifications for the as-built setup are presented in
table 4.1.

Parameter Value Parameter Value
Tb,min 25 ◦C Tb,max 250 ◦C
∆Tmin 0 K ∆Tmax 250 K

fmin 0 Hz fmax 100 Hz
pmin 1 bar pmax 5 bar

(φ/V)min 0.01 1/s (φ/V)max 1 1/s

Table 4.1: Reactor and pulse design specifications.

The first design parameter is the base temperature Tb which is the temperature
of the whole reactor, and therefore the temperature to which temperature pulses
of amplitude ∆T are superimposed. The frequency of pulsing is indicated by the
parameter f . The fourth parameter is the total gas phase pressure in the reactor p,
and the fifth parameter is the flow divided by the reactor volume φ/V which is the
refreshment frequency for the gases in the reactor. These parameter ranges allow
a wide range of operational conditions in which many common catalytic reactions
can be operated. It should be noted that the initial goal of the design was to create
pulses up to a ∆T of 1000 K but that for the geometry used the catalyst does not
survive such large temperature pulses.

Reactor dimensions

The setup designed is a proof of principle reactor. Therefore, the reactor volume
and throughput are not required to be large. Effectively, this means that the reactor
volume is an optimization parameter. In recent years microreactors have become
increasingly popular [23]. Choosing a small scale reactor for this setup gives a
number of specific advantages. First and foremost, a small reactor volume means
that the time constants for physical transport are small. The reaction conditions of
temperature, concentration, pressure and residence time can be changed faster in
a small scale reactor than in a larger reactor. Therefore experiments take less time.
Secondly, for a small reactor it is easier to create high pressures. The thickness of
the reactor walls and other safety requirements are much more stringent for large
volume reactors. A third reason is that a smaller reactor requires less material and is
less expensive to construct. Finally, a reactor with a small physical footprint takes
up less space in the laboratory than a large volume reactor. For these reasons the
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reactor setup uses a micro reactor.

Choice of catalytic material

There are many substances which act as catalysts in some reaction. For this setup
a catalyst is required which is electrically conductive, robust and acts as a catalyst
for different reactions. All catalytic reactions suffer from catalyst poisoning and/or
deterioration to some extent. When investigating the influence of temperature
pulsing effects such as poisoning are undesired. Here it is preferred to use catalytic
reactions which can be run reliably and reproducibly over a longer period of time.
Considering the development of the catalysis field, it can be seen that much of the
pioneering work was done using platinum as a catalyst [6]. Since platinum is a
noble metal it normally remains in its metallic form which is conductive as well
as catalytically active in many reactions. Due to its robustness and relatively low
complexity platinum is chosen as the catalyst to use in this reactor.

4.2 Temperature pulsing device

As discussed in chapter 2, for practical reasons the physical method used to supply
energy to the catalytic surface in this work is through heat (temperature pulses).
The heat is supplied in the form of ohmic heating from forcing an electrical current
through the catalyst material. This section describes how the temperature pulsing
part of the reactor is designed and implemented.

4.2.1 Geometry

Different geometries are available for the implementation of electrical pulsed heating.
One could consider a metallic wire, a mesh of wires, or a strip. To get a sharp
temperature pulse the catalytic element should be heated quickly and subsequently
cooled down quickly. Fast heating can be achieved by creating a high current density
in the material. There is no fundamental limit on current density such that at least
in theory the temperature gradient can be as high as the designer wants. On the
other hand, cooling down is a passive process in which thermal energy needs to
be transported from the warm material into the cooler surroundings. Therefore,
cooling down quickly is the most important design parameter in creation of short
temperature pulses. Furthermore, to maximize the chance of succesfully creating
large temperature pulses without damage to the catalytic material a mechanically
robust solution is preferred.

For these two reasons, a thin catalytic strip supported by a wafer is chosen. The
catalytic material is a strip of platinum which is deposited on top of a silicon wafer.
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The silicon wafer and the platinum strip are separated by a thin layer of SiO2 (silica)
which functions both as a thermal and an electrical isolator. The silicon wafer has
two important functions. First, the wafer acts as a structural support for the platinum
strip. Secondly, it acts as a primary heat sink by allowing thermal energy to flow
from the strip through the isolation layer into the wafer by heat conduction. The
heat capacity of platinum is in the same order of magnitude as that of silica/silicon.
Since the wafer is more than three orders of magnitude thicker than the platinum
strip, it can absorb the thermal energy of the platinum strip without heating up
significantly itself. In this way the wafer geometry offers both a mechanically robust
implementation as well as fast cooling of the platinum strip.

The pulses are applied by running an electrical current through the platinum strip,
which acts as an electrical resistance. An important advantage of this method is that
it allows a large flexibility in pulse repetition frequency as well as pulse amplitude.
This makes it possible to explore pulsed operation under many different pulsing
configurations. The pulse length is determined by the time needed for the platinum
layer to cool down, the corresponding time constant of which is determined by the
thickness of the isolation layer. Therefore, once the thicknesses of the layers are
chosen the pulse length is fixed through the design. Furthermore, the shape of the
heating profile is fixed by the electronic actuation circuit. Since both the heating and
cooling profiles are fixed in the design the whole shape of the temperature pulse can
no longer be changed after implementation. Both pulse shape and pulse length can
be expected to have significant influence on the effect of pulsing and ideally they
would be optimization parameters. However, in order to maximize the chances of
succesfully creating significant temperature pulses without damaging the platinum
strip the inflexibility in pulse length/shape was considered acceptable.

4.2.2 Platinum strip heating

The pulsed heater consists of a catalytically active platinum strip on a silicium wafer,
separated by a silica isolation layer. The electrical heating element is the platinum
strip itself. How to choose the dimensions of the platinum strip? To answer this
question the properties of the geometry on the temperature pulse are discussed.
Neglecting any loss of thermal energy during the heating, the electrical power
increases temperature of the strip according to 4.1 where P is power in W, l is the
length of the strip in m, A is the cross section of the strip in m2, ρ is the density of
platinum in kg/m3and cp is the platinum heat capacity in J/kgK.

dT
dt

=
1

ρcp

P
lA

(4.1)

Electrically the platinum strip acts as a resistance with an electrical potential

76



4.2 Temperature pulsing device

applied to electrical it. The electrical power dissipated in the strip is released as heat.
The power is given by equation 4.2, where U is the potential in V, R is the resistance
of the strip in Ω and σ is the conductivity of platinum in S/m.

P =
U2

R
= σ

U2 A
l

(4.2)

Combining equations 4.1 and 4.2 gives an expression for the temperature gradient
as a function of the design parameters as shown in equation 4.3.

dT
dt

=
σ

ρcp

U2

l2 (4.3)

Equation 4.3 consists of two parts. The first part consists of material constants of
the metal used, in this case platinum. Once a material has been chosen, this part can
no longer be influenced. Only the second part can be influenced by electronics and
the geometry of the strip. The temperature gradient has a quadratic dependence on
the applied voltage and an inverse quadratic dependence on the length of the strip.
Therefore, if a high temperature gradient is desired the applied voltage should be
high and the length of the strip should be small. The maximum gradient that can be
reached in an actual implementation is determined by practical constraints.

The first constraint is that using a very high voltage introduces both safety and
practical issues. The electrical breakdown voltage of air is approximately 30 kV/cm.
For safety, the voltage to length ratio should be significantly smaller than the
breakdown voltage. Futhermore, high voltages require special cabling and measuring
instruments. It is chosen to restrict the voltage such that U ≤ 1 kV. This voltage
is still manageable in terms of requirements on cables and isolation thicknesses.
The second constraint is that it is desired to heat the platinum strip and not the
cabling and connections to the strip. Typical wiring resistance can amount to several
tenths of an Ω. To make sure that most of the energy is released in the platinum
strip and not in the contacts or the wiring, the resistance of the strip needs to be
significantly higher. Therefore, we set R ≥ 10 Ω. The third constraint is that the
layer should be homogeneous in thickness to obtain a homogeneous heating profile.
To achieve fast cooling the layer of platinum should be thin. However, for very thin
layers it becomes difficult maintain a homogeneous thickness. LioniX, the company
supplying the wafers, commonly used 180 nm thickness platinum layers on top of a
20 nm layer of tantalum for other applications. This combination is known to form
a homogeneous layer which sticks well to the supporting wafer. The electrical and
thermal properties of tantalum are very similar to those of platinum, such that in
temperature pulsing it can be viewed as a homogeneous layer of 200 nm platinum.
Therefore, it is chosen to use the 180-20 Pt-Ta layer as a catalytic strip.

The length and width of the strip are determined by restricting the surface area

77



4 Proof of Principle Setup

Parameter Value
hPt 200 nm
wPt 4 mm
lPt 25 mm

Table 4.2: Dimensions of the platinum strip on the wafers used.

of platinum available for the catalytic reaction. Using a very small surface area
makes it hard to create measurable amounts of product in a continuous flow reactor.
Analog to many studies in surface science the catalytic area is set to 1 cm2. Taking
the constraint on the resistance of the strip into account, it is decided to use a width
of 4 mm and a length of 25 mm. The resistance of the platinum strips on the final
wafers is measured to be 13± 0.5 Ω. Table 4.2 summarizes the dimensions of the
platinum strip.

Filling in the maximum voltage of 1 kV and the platinum strip length of 25 mm
into equation 4.3 gives the theoretical maximum gradient which works out to
1.3 GK/s. In practice this gradient can not be maintained as even during the time the
pulse is applied conduction, convection and radiation cause heat to flow away from
the strip into its surroundings. Depending on the length of the pulse as compared
to the time constants associated with the loss mechanisms, a significant part of the
thermal energy already flows out of the strip during the pulse.

4.2.3 Platinum strip cooling

Temperature difference between the platinum and its surroundings causes heat to
flow out of the platinum into the rest of the reactor. Cooling of the strip is a passive
process which depends on transport of heat into the environment. In principle there
are three mechanisms contributing to cooling. These are convection due to the gas
flow over the strip, heat conduction into the wafer/gas phase and radiation of heat.
The total heat lost is the sum of these phenomena. In this study it is assumed that
the residence time of reactants is long compared to the time constant of the pulses
such that the convection term is negligible. Furthermore, thermal radiation only
contributes significantly at very high temperatures and is therefore also neglected.
This leaves the conduction into the wafer and gas phase as the primary cooling
mechanism. Table 4.3 gives the thermal conductivity of air and the wafer materials.

Due to the difference in thermal conductivity, diffusion of heat into the gas phase
can be expected to be around two orders of magnitude smaller than the conduction
of heat into the wafer. The bulk of the heat in the platinum strip will therefore be
transported into the wafer and from there to the rest of the reactor. The speed at
which the wafer cools down therefore largely depends on the thermal conduction
properties of the wafer. The thermal conductivity of silica is small as compared to the
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Parameter Value
kair 0.024 W/mK

kSiO2 1.1 W/mK
kPt 72 W/mK
kSi 150 W/mK

Table 4.3: Thermal conductivity of the several relevant materials.

conductivity of platinum and silicon. To transport the heat from the platinum strip to
the silicon wafer the bottleneck is the conductivity of the silica. As an approximation
take a homogeneous temperature in the platinum layer and a linear temperature
gradient over the silica layer. Under these conditions the temperature gradient of the
platinum layer is given by equation 4.4.

dT
dt

=
kSiO2

ρPtcPt

∆T
hPthSiO2

(4.4)

Equation 4.4 again consists of two parts. The first part gives the material parame-
ters, which are fixed by the materials used for the catalytic and isolation layer. The
second part contains the part that can be influenced by the design. Specifically, the
thickness of the silica layer can be varied to influence the cooling rate. The maximum
thickness of the silica layer available from LionIX is 8 µm. Using a thickness of 8 µm
and a temperature gradient of 1000 K, the rate of cooling is approximately 240 MK/s
which is roughly five times less than the absolute maximum heating rate found in
the previous subsection. The wafers used for the experiments in this thesis all use
the maximum thickness 8 µm silica layer.

4.2.4 Pulsing electronics

To create the actual temperature pulse in the setup a high voltage needs to be applied
to the platinum strip. The high voltage is not required continuously but it should
provide short bursts with a high current. A common solution to create bursts of
energy is to store energy in a capacitance and then discharge this using an RLC
circuit when needed. The electrical schematic for this method is shown in figure 4.2,
in which the resistance R represents the platinum strip.

The circuit of figure 4.2 is initialized by setting the initial current in the inductance
to zero and the initial voltage of the capacitance to the source voltage VC0. Using
elementary circuit theory equation 4.5 is derived which describes the voltage over the
platinum strip VR as a function of the initial capacitance voltage VC0 in the Laplace
domain.

Vr =
sR/L

s2 + sR/L + 1/LC
VC0 (4.5)
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L

RC

Figure 4.2: Electrical schematic of basic pulsing circuit. The platinum strip is repre-
sented as a resistance.

Equation 4.5 represents a standard second order system. From the denominator of
the transfer function important properties of the systems behavior over time can be
determined. Specifically, second order systems are often interpreted to have a quality
factor Q (dimensionless) and a natural frequency ω0 [1/s]. The natural frequency
determines at what frequency the second order system oscillates, while the quality
factor is roughly equal to the amount of periods before the system comes to a rest.
Equation 4.6 equates the standard second order denominator for these quantities to
the denominator of 4.5.

s2 + s
ω0

Q
+ ω2

0 = s2 + sR/L + 1/LC (4.6)

Equation 4.6 can be solved for ω0 and Q, and their solutions are given by 4.7 and
4.8 respectively.

ω0 =

√
1

LC
(4.7)

Q =
1
R

√
L
C

(4.8)

In this application the goal is to create a single pulse which empties the capacitor
completely. This behavior corresponds to a quality factor of Q = 0.5 (critically
damped). A higher quality factor (underdamped) gives oscillations while a lower
quality factor (overdamped) is slower than desired in releasing the energy stored
in the capacitor into the platinum strip. Therefore, the design is such that a quality
factor close to 0.5 is achieved.

The measured resistance of the platinum strip is 13± 0.5 Ω (some variation within
the batch) at room temperature. Using a capacitance of 1.5 µF and an inductance of
47 µH results in a quality factor just below 0.5, at a natural frequency of 120 kHz.
Figure 4.3 shows a comparison between the solution to equation 4.5 and the experi-
mentally measured voltage at the platinum strip terminals for an initial capacitance
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voltage of 350 V.
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Figure 4.3: Voltage over the catalytic strip for 350 V initial capacitance voltage.

Considering the crudeness of the approximation by equation 4.5 the match between
simulation and practice is quite good. Particularly, the peak location and the general
shape of the curve correspond well to that of the simulation. Several important
effects have been neglected in equation 4.5. For instance, the resistivity of the
platinum strip is taken constant while it is known to depend on the temperature.
Furthermore, the impedance of the wiring from the electronics to the platinum strip
and the connectors are neglected. Also, the inductance used in this setup is specified
to work up to 14 A. At higher currents, the iron saturates introducing a non-linearity.
The initial design peak current was 80 A for an initial capacitance voltage of 1 kV
though in the experiments the current was limited to 29.5 A. If saturation of the
inductance becomes a problem it can be solved by using multiple larger inductances
in parallel. This adaptation was not required for the measurements in this thesis.

The RLC circuit is built into a 19 inch casing together with a 1 kV, 100 mA source
by Applied Kilovolts (HW001PCP). Insulated gate bipolar transistors (IGBTs) are
used to switch the capacitance between the source and the platinum strip, since they
have a maximum voltage drop of approximately 2 V when conducting. Therefore
IGBTs suffer relatively low losses when the current is high (during the pulse). The
maximum pulse repetition frequency is set to 100 Hz such that there is always
sufficient time for the capacitance to recharge. This is more than enough time for the
platinum strip to cool down.

High voltage cabling is used to connect the electronics to the wafer. Voltage and
current limits are controllable through an analog input to the hardware board of the
high voltage source. The measured voltage and current are available through analog
outputs. The switching of the IGBTs is controlled by digital inputs. These analog
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and digital lines are connected to the PCI 6030 board in the LabVIEW PC.

4.2.5 Temperature pulse simulation

The actual temperature profile of the platinum strip is the combined effect of the
heating and cooling profiles. Due to the dependence of the temperature profile on
both space and time, it is difficult to compute the profile analytically. Therefore a
numerical method is used to simulate the combined effects over time. The length
and width of the wafer are more than three orders of magnitude larger than the
thickness. Assuming there is only a temperature gradient in the vertical direction,
equation 4.9 describes the diffusion of heat with a source term [69]. In this equation k
is the thermal conductivity in a material in W/mKand q̇ is the local heat production
in W/m3.

δ

δx

(
k

δT
δx

)
+ q̇ = 0 (4.9)

Since the thermal conductivity of the gas phase is small as compared to that of
the silica isolation layer it is reasonable to neglect the heat flux to the gas and focus
only on the heat flux into the wafer. Figure 4.4 shows the geometry of the wafer in
one dimension and the boundary conditions used in numerical simulation of the
surface temperature profile. In the figure, q′′ is the boundary heat flux in W/m2, for
which equation 4.10 holds. At the surface the heat flux is set to zero (neglect heat
flux into the gas phase). At the bottom of the isolation layer, where it connects to the
silicon wafer the temperature is set equal to the ambient temperature (no significant
heating of the bulk wafer/reactor).

q′′ = 0

T = 300 K

8 µm SiO2

200 nm Pt

Figure 4.4: Geometry and boundary conditions used in the simulation of one dimen-
sional heat diffusion into the wafer.

q′′ = −k
δT
δx

(4.10)

Using a spectral collocation method as described in [70], equation 4.9 reduces to
a set of linear ordinary differential equations (ODE’s) which are solved using the
solvers for stiff differential equations in Matlab. Figure 4.5 shows the top boundary
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temperature for this numerical approximation of 4.9, in which the source term q̇
is set according to the energy dissipated in the resistance of the RLC circuit for an
initial capacitance voltage of 600 V. The peak temperature is approximately 1100 K
after 15 µs, while after 100 µs the surface temperature is back at the ambient value.
The total energy stored in the capacitance at the start of the pulse is 270 mJ which
theoretically is enough to heat the platinum strip by ∆T = 4700 K if no heat is lost
during the heating. In figure 4.5 the simulated peak ∆T is around 800 K indicating
that most of the energy has already diffused into the wafer during the heating of
the platinum strip. In future designs, the pulse can be made faster using a higher
voltage in combination with a smaller capacitance and inductance. A shorter pulse
time will result in a smaller fraction of the energy being lost during the pulse.
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Figure 4.5: Simulated surface temperature profile for 600 V initial capacitance
voltage.

Note that from resistivity measurements on the actual wafers discussed in section
4.6.1 it is found that even more energy is lost during the heating such that the peak
temperature for 300 mJ pulses is ’only’ 250 K, significantly lower than that of the
design.

4.3 Nominal reactor design

The temperature pulsing device is embedded in a ’normal’ continuous flow micro
reactor. The reactor including the wafer is schematically shown in figure 4.6. This
section describes the design of the reactor itself but also of the infrastructure which
is required to operate it.
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Figure 4.6: Schematic representation of the setup.

4.3.1 Reactor design

The wafer is embedded in a stainless steel reactor for which the bulk temperature is
controllable. On top of the wafer a stainless steel lid is placed at a small distance.
This lid has been gold plated to prevent chemical reactions at the surface. Between
the wafer and the lid is a seal to close the reactor. The lid and the wafer are pressed
against the seal, creating a reaction chamber in the middle. The reactants enter
the reactor through a gas inlet at one side of the strip and the products together
with non reacted reactants leave the reactor at the gas outlet at the other end of the
platinum strip.

The dimensions of the reactor chamber are given in table 4.4. These dimensions
are the same as the length and width of the platinum strip with a small margin
added to separate the hot platinum from the seal. The height of the reactor chamber
is chosen as small as possible without creating electrical breakdown of the gas in the
chamber. The value of 0.25 mm is found to work satisfactorily. The total volume of
the reactor is approximately 43.5 µl.

An important parameter for the nature of the gas flow within such a reactor is the
relation between the inertial forces and the viscous forces. This relation is expressed
in the Reynolds number, a dimensionless quantity [69]. Equation 4.11 gives the
Reynolds number for this geometry, in which l is the chamber length in m, v is the
velocity of the flow in m/s, ρ is the density of the gas in kg/m3and µ is the dynamic
viscosity of the gas in kg/ms. Even at the maximum flow rate in the reactor the
Reynolds number is below 10, where transition into turbulent flow is not expected
for values below 2000. Therefore it is realistic to assume the flow in the reactor
chamber to be laminar.
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Parameter Value
hr 0.25 mm
wr 6 mm
lr 29 mm

Table 4.4: Dimensions of the reactor chamber.

Figure 4.7: Reactor parts with a coin for size reference.

Re =
lvρ

µ
(4.11)

Since the Reynolds number is so small the reactor behaves like a Plug Flow Reactor
(PFR). When operated at high reactant conversions, PFR type reactors have very
different gas phase concentrations close to the reactor entrance than they have
close to the exit. That means some of the surface sites operate under significantly
different conditions than others. The gas composition will only be measured at the
exit of the reactor and therefore it is not possible to detect which reactions have
taken place at what location within the reactor. Therefore, it is desired to have
a homogeneous behavior throughout the reactor. To guarantee as homogeneous
conditions as possible over the entire catalytic surface the reactions are always
operated at low conversions.

4.3.2 Bulk reactor temperature controller

The temperature pulses are superimposed on the base reactor temperature. This
base reactor temperature is maintained by a temperature controller. The West
2300 temperature controller is used with the RS-458 option to allow automated
temperature control. A type K thermocouple is used to measure the temperature
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as close as possible to the surface. The tip of the thermocouple is placed at 0.5 mm
below the bottom of the wafer, which is approximately 1 mm below the platinum
strip. The West 2300 controls a solid state relays which switches two 110 V, 125 Ω
heating rods to the 240 V mains. The heating rods are positioned in the middle of
the reactor base, approximately 1 cm below the platinum surface. A temperature
setpoint is given to the temperature controller, which maintains that temperature
at the location of the thermocouple by supplying the power needed to the heating
rods. The West 2300 internally uses a PID controller with a compensation for the
delay. The temperature can also be measured in the lid of the reactor. In a typical
experiment the temperature in the lid is a few degrees lower than the temperature
directly below the wafer.

4.3.3 DC heating supply

When applying temperature pulses to the platinum strip a small amount of heat
is supplied very locally in time and space. This heat quickly spreads into the
supporting wafer and from there into the bulk of the reactor. This means that over
the course of many pulses there is a slight elevation of temperature in the platinum
and the wafer as compared to the case when no heat is added directly to the platinum
strip. Therefore, at the platinum strip a slightly different steady state temperature
distribution can be expected in the reactor. Specifically, when significant power is
added to the platinum the strip and the wafer can be expected to have a slightly
higher temperature than the reactor base.

This different steady state distribution of thermal energy can have an effect on
the chemical reactions on the surface. The focus is on the direct effect of pulsed
heating only and therefore this change in steady state heat distribution is unwanted.
Therefore, a DC voltage source is included in the setup to compensate for differences
in the steady state heat distribution. The DC source makes sure the time averaged
amount of energy added to the platinum strip is constant throughout an experiment.
When a high amount of energy is added through pulses the energy added by the
DC source is small and vice versa. This way the steady state heat distribution is kept
constant and any observed changes can be attributed to the high temperature of the
pulses.

As DC power supply, a Delta Elektronika SM 70-AR-24 source is used, which can
deliver up to 70 V at a current of up to 12 A. The output of the source is connected
to the platinum strip through a high voltage diode. The unit is automated using the
PSC-232 extension from Delta Elektronika.
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4.3.4 Flow controllers

The input gas flow is controlled by mass flow controllers which measure and control
the flow of individual gases. This way the mixture of gases and the total flow of
gases is flexible. Bronckhorst mass flow controllers are used together with a pressure
controller also by Bronckhorst. The argon, carbon monoxide, hydrogen and 10
% oxygen in argon each have gas cylinders (10 l or more) which are stored in a
separate gas cabinet. The pressure is reduced to 4 · 105 Pa and guided to the mass
flow controllers. Each gas has its own mass flow controller which controls the mass
flow of that gas between zero and 100 mln/min (normalized to standard pressure).
A fifth mass flow controller is connected to a small replaceable gas cylinder. By
changing the gas cylinder connected to this fifth mass flow controller reactions with
different gases such as ethylene, methane or nitric oxide can be investigated.

The mixture of the gases is determined by the ratio of the masses flowing through
the mass flow controllers. The pressure is kept constant near the reactor by a back
pressure controller. The reactor can have small leaks especially near the seal at high
base temperatures. To prevent air from flowing into the reactor the internal pressure
is always maintained at 2 · 105 Pa. The bulk of the flow bypasses the reactor and goes
to the vent directly. A separate mass flow controller allows a small part of the flow
(zero to 10 mln/min) to pass through the reactor itself. At the exit of the reactor,
before the inlet of the separate mass flow controller, a small part of the reactor flow
is passed to the mass spectrometer through a capillary.

4.3.5 Mass spectrometer

A flexible but sensitive measurement device is needed for analysis of the effects of
temperature pulses on the chemical reactions in the reactor. For this purpose the
Pfeiffer Omnistar GSD 320 with a quadrupole mass spectrometer is used (figure 4.8).
The Omnistar consists of the mass spectrometer itself integrated with the required
pumps, valves and a heated capillary. The mass spectrometer has a range of 200
atomic mass units (amu). The Omnistar continuously takes in a small flow of gas
through its capillary from which the mass spectrometer analyses the mass spectrum.
By repeated sampling, the presence of molecules of a certain mass can be tracked
over time. The capillary of the mass spectrometer is placed right at the flow exit
of the reactor such that the response time of the measurement is minimized. The
flow required for the mass spectrometer is small but the precise amount is unknown.
The flow to the mass spectrometer does not pass through the reactor flow controller.
Therefore it is aimed to always have a significant flow through the reactor during
the experiments such that the flow the mass spectrometer can be neglected.

The Omnistar is a very sensitive device which measures a current caused by
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Figure 4.8: Omnistar GSD 320 by Pfeiffer vacuum.

ionized gas particles colliding with a detection element. In practice the measurement
signals range from 10 fA to 100 nA, a dynamic range of seven orders of magnitude at
very low currents. For stable input concentrations the measurement signals typically
experience less than 1% noise. Although these are impressive numbers there is one
value at which a very noisy behavior was observed. At a detector current of 110 pA,
there is around 5% noise present on the signals, as well as a 20% offset. This artefact
is likely to be caused by switching electronics for different measurement ranges.
Unfortunately, the problem could not be fixed meaning that all signals in this range
have a 25% uncertainty margin.

The mass spectrometer is used in the multiple ion detection (MID) mode such
that it can be used to track selected gas phase components over time. It is observed
that the mass spectrometer signals drift slightly over time as a result of wear of the
filament and sensor element, as well as buildup of pollutants in the device. All of
the experiments are run using argon as carrier gas and in such a way that the argon
concentration is constant over time for the duration of the experiment. Therefore,
the argon signal can be used to correct for drift in the mass spectrometer signal.

The capillary of the mass spectrometer is placed as close to the reactor as possible.
The response time for changes in reactor conditions to be measured in the mass
spectrometer is in the range of seconds. However, the pulsed phenomena occur at
microsecond timescale. The distance of the capillary acts as a lowpass filter such that
fast effects are smoothened before they reach the detector. Therefore it is not possible
to use the mass spectrometer signal to track changes within the timeframe of a single
pulse. Effectively, the measurement reflects the cumulative effect of multiple pulses
on the total conversion of species throughout the reactor. If conditions are similar
throughout the reactor the contribution of individual pulses can be computed from
the cumulative change due to pulsing by dividing by the pulse frequency.
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4.4 LabVIEW automation

4.4 LabVIEW automation

The setup is automated to a high degree to make highly reproducible measurements.
For this purpose LabVIEW software by National Instruments is used. LabVIEW
works by creating Virtual Instruments (VIs) which perform a programmed task and
show a user interface. Each of the modules discussed in the previous sections is
associated with its own VI. The VIs can be run stand alone such that each of the
modules can be used and/or tested in a stand alone manner. Normally the VIs are
all running in parallel such that all of the modules can be controlled at the same time.
For each experiment a separate master VI is generated which contains the recipe for
that experiment. The master VI controls the VIs belonging to the functional modules
through the LabVIEW messaging system. Another separate VI is generated which
periodically takes data from the other VIs and logs it to the hard drive thus storing
the measurement data.

Figure 4.9 schematically shows each of the modules connected to the setup. Each
of the module VIs communicates via some protocol to the respective hardware
component and generates a GUI to control the hardware module from the LabVIEW
PC. The following subsections describe the interface to each of these modules.

MassFlow
Controllers

Mass
Spectrometer

Temp
Controller

Pulsing
Electronics

LabVIEW
PC

Ethernet TTL

RS 232RS 485

Figure 4.9: Block scheme of the software components.

A normal desktop PC is used, running at 3 GHz with 3 gigabytes of RAM on
board. The operating system Microsoft Windows XP is used to run LabVIEW 2009
by National Instruments (NI). A hardware data acquisition (DAQ) board is used, the
NI PCI 6030, which has analog and digital inputs and outputs for communication
with the pulsing electronics module. A USB to RS-485 converter by Sweex is used
for communication with the temperature controller. The communication with the
mass spectrometer and the mass flow controllers is established using the built in
ethernet and RS-232 ports respectively.

Figure 4.10 shows the interface for the pulse electronics VI. The capacitor voltage
and the period of switching is configurable in the faceplate of the VI. The maximum
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switching frequency is 100 Hz as described in section 4.2. The high voltage source
can be switched on and off, as can the IGBT switching signal. The time averaged
current from the HV source is measured and used to detect defects in the platinum
strip. If the wafer breaks an error is generated and the pulsed experiment is stopped.
Apart from the manual inputs the VI also accepts messages from other VIs to control
the input values.

Figure 4.10: LabVIEW interface to the pulsing electronics.

Each of the other modules has a similar VI such that all the required function-
ality can be accessed both manually and by other LabVIEW programs. An actual
experiment consists of a separate LabVIEW program which runs the recipe for the
experiment and interfaces with each of the functional module VI’s as required. Also,
the experiment VI logs the measured data to the disk drive of the LabVIEW PC.

4.5 Example measurement data

As an example of an experiment in the setup, consider the oxidation of carbon
monoxide (CO) to carbon dioxide (CO2) over platinum. For this reaction CO and
oxygen (O2) are mixed and a flow of this mixture is guided through the reactor. The
temperature pulse amplitudes are varied in five minute steps. The recipe for this
reaction is as follows:

1. Start at 150 ◦C
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2. Flush argon for 5 min

3. Flow Ar/CO/O2 mixture for 5 min

4. Apply temperature pulse settings for 5 min

5. Repeat the previous step for all 8 settings of pulse amplitude

6. Repeat the previous two steps at base temperatures 165− 180− 195− 210 ◦C

7. Repeat the previous three steps two more times

The goal of this experiment was to investigate the influence of pulse amplitude on
CO2 production at various temperatures, as presented in the next chapter. The mea-
sured data is given here to demonstrate stability and reproducibility of measurement
data in this setup. Figure 4.11 plots the measurement of molecular mass 44, which
represents the CO2 concentration in the reactor. The data has been normalized to
the level at 150 ◦C without any pulsing in the first run and scaled for constant argon
level as discussed in section 4.3.5. Exactly once every 10 s the setup stores the latest
measurement of the base temperature, the concentrations of the tracked masses and
the point in the recipe. Figure 4.11 shows the measured CO2 signal versus time for
this experiment.
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Figure 4.11: Example of a CO oxidation experiment with pulsed activation.

From figure 4.11 the three runs can clearly be distinguished. The repeatability of
the data is good, as each of the three runs is very similar. The difference between
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the highest peaks is approximately 3% of the value whereas the drift in argon value
was approximately 15%. It is not unlikely that the observed deviation in peak height
is due to a small difference in drift between the argon and the CO2 signals (which
are two to four orders of magnitude apart in amplitude), rather than representing a
different chemical production.

4.6 Evaluation of the design

4.6.1 Measuring the pulse temperature

In simulation the temperature pulse created has a peak ∆T of 850 K for 300 mJ
pulses. The actual temperature that is reached during a pulse depends largely on
the physical properties of the actual wafer. Especially the thermal conductivities,
heat capacities, the electrical resistivity of the platinum and the actual thickness of
the platinum strip make a big difference in the actual peak surface temperature. The
pulsed heater was designed using physical parameters of bulk material at room
temperature found in literature. The actual layers on the wafer are created using
sputtering for the platinum and chemical vapor deposition for the silica. The physical
parameters of these layers can be different than those of the bulk material.

Because the actual temperature is of great importance for interpretation of the
data it is of value to measure the actual peak temperature on the wafer. However,
measuring temperature peak in the µstimescale is not trivial. Apart from the danger
of high voltage the inertia of a thermocouple is likely to be much larger than that
of the platinum strip itself. Therefore, the temperature that a thermocouple would
indicate is not representative of the actual temperature of the platinum. An infrared
camera is available but this is equiped with anti aliasing filters to reduce noise which
will cut out the short pulsed temperature as well. Therefore, the infrared camera
could not be used to measure the platinum temperature either.

The method which remains available is infering the temperature from the resistivity
of the platinum. It is well established that electrical resistance of metals is a function
of temperature and platinum happens to be known for its linear temperature versus
resistivity profile. Platinum strips are therefore commonly used as temperature
sensors in electronic circuits. Altough most literature considers platinum on alumina
sensors there are reports for thin platinum films on silicon being used as temperature
sensors [71, 72]. In temperature sensing it is assumed that the resistivity depends
linearly on temperature, following equation 4.12. The gradient of resistivity α [K−1]
being the critical parameter.
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R = R0 (1 + α∆T) (4.12)

The value of alpha in reference grade bulk platinum is αbulk = 3.926 · 10−3K−1.
Kreider et.al [72] studied diverse sputtered platinum layers on silica with either
titanium or zirconium as adhesion layer. They found values for α ranging between
2.95 · 10−3 and 3.50 · 10−3K−1. In the wafers used in our setup, the platinum layer
is thinner (200 nm versus at least 350 nm) and a different material is used in the
adhesion layer (tantalum versus titanium/zirconium). By measuring the resistance
in the reactor for different temperatures it is found the resistance behaves according
to 4.12, with R0 equal to 12.6 Ω and α equal to 2.0 · 10−3K−1. The value for α in our
wafers is therefore significantly lower than those found by Kreider and coworkers
and that of bulk platinum. This difference is attributed to the different parameters
of the platinum layer.
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Figure 4.12: Estimated resistance of platinum strip for a 300 mJ pulse at base tem-
perature 50 ◦C.

Figure 4.12 shows the estimated resistance for a 300 mJ pulse (630 V initial ca-
pacitance voltage). The voltage is measured with a Tektronix P5210 high voltage
probe while at the same time the current is measured with a Tektronix TCP202
current probe. Both voltage and current profile are stored on a floppy and imported
into Matlab. After applying the same zero-phase lowpass filter to both signals
the instantaneous platinum resistance is computed by dividing the voltage by the
current. For low values of current the measurement is unreliable. Moreover, the
dynamic behavior of the two probes are different, resulting in a resistance profile
which is increasingly unreliable after the first 25 µs. How accurate the results are in
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the first 25 µs could not be established. However, the initial resistance is correct, the
results for peak resistance were consistent over pulse amplitudes and the general
temperature shape matches what is expected from simulation for the first 25 µs. The
peak current is approximately 29.5 A which translates to a current density of more
than 36 kA/mm2.
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Figure 4.13: Peak of estimated resistance versus pulse power measured at 50 ◦C.

The peak resistance of figure 4.12 is 20.6 Ω after approximately 15 µs. Repeating
this procedure at various pulse amplitudes one can find the peak resistance versus
pulse power as shown in figure 4.13. That peak resistance data is translated to peak
temperature estimates, using equation 4.12, with a value of 2.0 · 10−3K−1 for α and
12.6 Ω for R0. Figure 4.14 shows the resulting estimated peak temperatures.
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Figure 4.14: Estimated peak temperature versus pulse power.
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The estimated rise in temperature is significantly lower than the results of the
simulations presented earlier. This means that either the temperature estimate from
the resistance is not accurate or the actual peak temperature is a factor three lower
than that in simulation. The simulated peak temperature depends crucially on
material parameters, most importantly the heat conductivity of the SiO2 isolation
layer. If the actual heat conductivity is a factor of three higher than that which is
stated in papers the peak temperature reached is roughly a factor three lower. The
resistance measurements are very consistent and since they are the only available
physical measurement (although indirect) of temperature this is the best available
estimate of platinum temperature.

4.6.2 Durability of the wafer

In table 4.1 the maximum reactor temperature was put at 250 ◦C. In the initial design
of the setup the maximum temperature was set at 500 ◦C. This temperature was
chosen to have the ability to run high temperature catalytic reactions as well as
to do catalyst pretreatment steps which may be necessary for some catalysts. The
material chosen for the closing is a graphite based material sold under the brand
name SigraFlex. This material is a compressible foil that can withstand temperatures
up to 600 ◦C in an oxygen environment. However, due to graphite being the main
component the seal conducts electricity. The problem is that the seal crosses the
electrical contacts and the low resistance means it short circuits the platinum strip.
To prevent this short circuit an SiO2 isolation layer is deposited at the position where
the seal is placed. At a capacitance voltage of around 300 V this isolation layer starts
to break down electrically, as demonstrated schematically in figure 4.15.

Silicon wafer

SiO2 isolation Pt catalystAu contact

SiO2 isolation

Graphite

HV input

breaks down
under HV

seal

Figure 4.15: Breakdown of the SiO2 isolation layer between the gold and the graphite
seal.

The breakdown occurs unpredictably, at unexpected voltages or sometimes after
functioning without issues for several hours. After many attempts with different
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wafers, different voltages and different levels of tension on the SigraFlex seal the
problem could not be solved. Therefore it was decided to abandon the SigraFlex
material as seal and use PTFE (teflon) seals in stead. Due to the excellent isolation
properties of teflon the breakdown problem was solved immediately and the seal
is no longer the bottleneck in the maximum voltage that can be applied. The
consequence is that the maximum temperature is now limited to 250 ◦C since teflon
melts beyond that temperature. Therefore, all of the experiments in this thesis are
conducted at base temperatures below 250 ◦C.

Except for this electrical breakdown of isolation, other types of breakdown have
been observed. Figure 4.16 shows the most common ways of wafer breakdown
in increasing order of severity. The leftmost wafer broke down on the graphite
closing as described above. The second wafer is broken at the place where the
constant temperature gold contact meets the mechanically expanding and contracting
platinum strip. This type of breakdown is most common and it occurs for pulse
energies of 400 mJ and higher. The exact energy at which it occurs is not reproducible
but for 300 mJ it was not observed. Therefore, it is chosen to operate at a maximum
pulse energy of 300 mJ. The third wafer has a breakage of the platinum strip itself.
The stress of expanding and contracting can also break the wafer in this way, though
not reproducibly. It has been observed at energies as low as 300 mJ, though only
rarely. Once a small tear is created in the platinum, a plasma is created due to
the high local electrical field strength. This plasma is responsible for the typical
branching, lightning like damage pattern. The fourth wafer breakage is mechanical
breakdown by application of too much force. Whenever the seal is not perfectly fitted
or the support is not perfectly flat due to dirt, or one of the contacts is tightened to
fast, or the reactor temperature is raised too quickly this type of damage may occur.

Figure 4.16: Four wafers, each damaged in an increasingly problematic way.

Robustness of the platinum strip against temperature pulses was one of the main
points of concern during the design of the reactor. Since no literature results were
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found for supported platinum strips under high temperature gradients the durability
of the platinum strips could only be tested empirically. The following observations
have been made in practice:

1. The durability of the strips is good. For the 632 V, 300 mJ pulses the strips
remain intact for most wafers. Once a wafer is operational in the reactor and
has been subjected to a hundred pulses of 300 mJ without breaking, durability
of the wafer is no longer an issue. Some of the wafers have been used in
many experiments over the course of months, being subjected to well over a
million temperature pulses of 300 mJ with the platinum strip appearing to be
unaffected. It remains chemically active and the electrical resistance remains
constant.

2. During a temperature pulse the platinum strip makes a sharp ticking sound.
The locally elevated temperature creates a locally increase in gas pressure
which is clearly audible, indicating that some of the pulse energy is tranferred
into the gas phase. Especially at higher energy pulses the sound is so loud that
it seems incredible that the platinum layer survives the pulsing process.

Although the durability of the wafers is excellent when operating at 300 mJ or
lower pulse energies it should be noted that the durability of the platinum strip is
still the limiting factor in the design. The electronics are capable of creating pulses
over 600 mJ. In chapter 5 it is shown that the pulses with the most energy (and thus
the highest peak temperature) have the strongest effect on the chemical reactions (in
line with expectations from the simulation models). Therefore, it would be desirable
to increase the peak pulse temperature. The emperical limit found for these wafers is
not a hard limit of the technology but rather a limit of this implementation. Different
geometries may allow higher peak temperatures without breakage than are possible
in the current design.

4.6.3 Using different catalysts

Platinum is a robust and stable catalyst which is active in many reactions. However,
the catalysis field is much broader than just platinum catalysis and there are many
reactions which do not run on platinum. Therefore, it is useful to make the reactor
compatible with different catalyst materials as well. Three strategies are available to
use different catalysts in this reactor.

1. The first approach involves deposition of a thin layer of another metal on
top of the platinum layer through electroplating. Using this technology it is
possible to create an arbitrarily thin layer of another metal directly on top of
the platinum strip and the gold contacts. The advantage of this method is that
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the thickness of the layer can be controlled very precisely. A disadvantage is
that for very thin layers an alloy may be created rather than an actual layer on
top of the platinum, which can give undesired effects. Another disadvantage
of this method is that for thicker layers the resistance of the layer is changed
significantly, influencing the energy pulsing.

2. The second strategy consists of depositing active nanoparticles on top of the
platinum [73]. The advantage of this strategy is that nanoparticles can be of
any material and that the catalytically active surface area can be increased
significantly. Disadvantages of this method are that it is difficult to deposit
nanoparticles only on the platinum layer and that nanoparticles are usually
deposited on a ceramic support, not on platinum. Deposition on platinum can
give undesired electronic and crossover effects.

3. The last approach involves first depositing an oxide layer as support for the
catalyst and subsequently depositing nanoparticles on the oxide layer. Through
this approach the catalyst topology closely resembles the supported catalysts
used in industrial reactions. The downside of this strategy is that the heating
is not supplied directly to the catalytic material but needs to pass through the
oxide layer first. Therefore, the catalyst temperature gradients that be achieved
with the same platinum strip heat input will be smaller for this design.

All three methods allow different reactions to be operated within the reactor. How-
ever, the interaction between the deposited layer/particles and the platinum layer
needs to be investigated thoroughly before these methods can be used confidently.
In this thesis, all the reactions are run directly on the platinum.

4.6.4 Time scales of pulsed activation and catalysis

The temperature pulse created in the reactor peaks at approximately 20 µs and
has mostly subsided after 100 µs. This means the time constants associated with
temperature pulses are in the order of 10µs. The kinetic parameters used in mi-
crokinetic models for each of the surface reactions [56] suggest that the dynamics
of surface processes are in the order of 0.1− 1 ns. Therefore, it may be expected
that the temperature pulses created in the setup are relatively slow as compared to
surface dynamics.

Therefore, this setup is still quite far from the instant temperature switching
as described in the simulation and concept chapters of this thesis. However, in
comparison to temperature cycling experiments reported in literature [64, 74, 67]
the pulses created are almost four orders of magnitude faster at similar amplitudes.
Note that the cited studies, while operating at cycling times of 1− 10 s, are already
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reporting results which cannot be explained by the quasi steady state approximation
(see section 1.6). Therefore, it seems reasonable to expect that the pulses in the new
setup are fast enough to display truely transient phenonomena as well.

4.7 Conclusion

This chapter discussed the microreactor setup built to do proof of principle experi-
ments on pulsed activation of heterogenous catalytic reaction. Since no device exist
in which the pulsed activation can be tested, one was designed and built in this
work. Specifically, a 200 nm thick (thin) platinum strip is used both as catalyst and
heating element. The strip is supported by a silicon wafer and a 8 µm silica layer
which acts as a thermal insulator. In the catalytic layer a very high current density is
created to give a very high temperature gradient in time.

The durability of the platinum strips is good, as long as the pulse energy is limited
to 300 mJ. In simulation, such a pulse corresponds to a peak temperature that is 850 K
higher than the base temperature. However, online measurements of the platinum
resistance suggests the actual peak temperature reached is limited to approximately
250 K. Unfortunately, there was no equipment available to directly measure the
platinum surface temperature over time. Though the exact peak temperature is
unknown, it can be stated with some certainty that it is both significantly higher
and significantly faster than temperatures reached in temperature forcing setups
discussed in literature.
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No effect that requires more than ten percent accuracy
in measurement is worth investigating.

Walther Nernst

5
Proof of principle experiments

The setup discussed in the previous chapter was developed with two objectives
in mind. The first objective was to demonstrate that it is possible to create fast
temperature pulses at a catalytic surface. The second objective is to demonstrate
that short temperature pulses have a significant effect on the rate/selectivity of
catalytic reactions. Where the previous chapter showed it is indeed possible to create
temperature pulses, this chapter discusses the results of applying the temperature
pulses while the catalytic reaction is taking place on the surface.

In chapter 2 it was discussed which beneficial effects the pulsed activation concepts
aims to achieve. The most important benefit is that through pulsed activation it
becomes possible to control rates of reaction quickly, reproducibly and efficiently.
It needs to be demonstrated that through the use of very short temperature pulses
the rate of reaction can indeed be varied over a significant range in actual reactions.
Showing that this is indeed possible is the main goal of this chapter.

The three reactions which are investigated to this end are the oxidation of carbon
monoxide, the hydrogenation of ethylene and the oxidation of hydrogen. These
reactions have been selected because all three belong to the oldest, most well studied
catalytic reactions. Platinum is known to be an excellent catalyst for these reactions
such that they can be operated at relatively mild conditions. The behavior of the
species on the catalytic surface has been investigated in great detail. Furthermore,
these reactions are of relatively low complexity, so far as one can speak of low
complexity in any catalytic reaction.

The chapter is organised as follows. A separate section is dedicated to each of the
reactions. Within each section, a short discussion on literature results and surface
reaction mechanism is given for the respective reaction. Subsequently, an operating
point for partial pressures, base temperature and reactor flow is selected such that
the reaction is operated at low conversion. This operating point functions as the base
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regime as introduced in chapter 2. Starting from this base regime the influence of
temperature pulses is investigated for a range of pulse amplitudes and frequencies.
For each of the reactions the results are presented and at the end of the chapter a
number of questions and observations common to all three are discussed.

5.1 Carbon monoxide oxidation

Carbon monoxide (CO) oxidation over platinum is one of the oldest and most
extensively studied catalytic reactions. It is of direct relevance in the removal of CO
from waste gases and in more recent times also in the operation of fuel cells. The
relative simplicity of both the reaction mechanism and the operation of the reaction
makes it attractive to study. Platinum is active as a catalyst for this reaction as a
polycrystalline surface, allowing studies with platinum wires and foils. The reaction
can therefore also be expected to run over the sputtered platinum strip used in this
study.

There is extensive literature available on this reaction and much is known about
the processes taking place at the platinum surface. It has clearly been demonstrated
that the surface reaction occurs through a Langmuir-Hinshelwood mechanism [75].
CO adsorbs molecularly while oxygen adsorbs dissociatively. The product carbon
dioxide (CO2) is formed by a reaction between an adsorbed oxygen atom and an
adsorbed CO molecule. For moderate temperatures the oxygen does not desorb from
the surface and the CO2 does not stick to the surface. The described mechanism for
CO oxidation at moderate temperatures is given by equation 5.1, where * denotes a
catalytic site.

CO + ∗� CO∗
O2 + 2∗ → 2O∗

CO ∗+O∗ → CO2 + 2∗
(5.1)

The kinetics of this model are obtained through ultra high vacuum (UHV) studies
but can be extrapolated all the way to atmospheric pressures [76, 77]. The model is
used in several literature studies [75, 78, 79, 80], allowing qualitatively reasonable
fits with experimental data. The actual kinetics parameters used vary significantly
between studies especially in the preexponential constant of the surface reaction
[81, 82, 83]. It is important to realize that even if simulation results from a model
match experimental data, this is not a proof that the underlying mechanism of the
model used is correct [84]. Even in this relatively basic model a wide range of
parameter combinations give reasonable fits with experimental data.
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The model of equation 5.1 can be applied with satisfactory results to many
individual cases, but there are several features which it does not capture. For
instance, it has been observed that oxygen and CO do not simply adsorb on random
surface sites but rather they coalesce to form islands of CO and O species [58, 85].
The actual reaction between CO and O is thought to take place at the edges of these
islands. The standard Langmuir-Hinshelwood model assumes random mixing and
does not include island formation. Also, there is evidence that the rate of reaction
is actualy much higher at surface defects than it is at a perfect surface [86]. The
basic model treats all sites as equal in terms of chance of adsorption, reaction and
desorption of species.

Furthermore, several experiments have reported rate multiplicity under steady
state conditions [87]. Rate multiplicity implies that even under strict constant partial
pressures and temperature control the surface reaction can run at different rates.
The multiplicity is observed in UHV experiments, particularly at the Pt(100) surface,
as well as under atmospheric pressures. Under UHV conditions it is commonly
explained by a surface restructuring mechanism [88]. Through the presence of the CO
molecules on the surface the top layer of the surface crystal can be slightly deformed.
The default and deformed structure have different activity and therefore the observed
rate of reaction can be different depending on the actual surface structure at that
point in time. The different surface structures have been demonstrated reproducibly
under UHV making it a plausible mechanism for the rate multiplicity under these
conditions. However, for higher pressures another mechanism is believed to cause
the observed multiplicity. A subsurface oxide is observed which is believed to have
a different reactivity than the ordinary adsorbed oxygen species. The surface sites
can be oxidized and reduced reversibly and depending on how much of the oxide
is present, the reaction rate can be different even under otherwise equal conditions.
Rate multiplicity is observed for a wide range of operational conditions.

Apart from multiple steady state rates, large-scale oscillations are another fea-
ture which has been observed reproducibly both in UHV [79] and at atmospheric
pressures [89, 90]. Many studies reporting oscillations can be found in literature
[91]. The oscillations occur on a much larger timescale than the chemical reactions
themselves or even the residence time in the reactor. Depending on temperature
and partial pressures, oscillations with a period of up to thirty minutes have been
observed reproducibly. The rate multiplicity described above is thought to play a
crucial role in the existence of such oscillations. These oscillations are believed to be
caused by a periodic switch between oxidized and reduced surface sites through an
autocatalytic mechanism. The surface oxidation and reduction reactions are believed
to be much slower than the surface reaction steps of equation 5.1.

Although there are many studies on spontaneous oscillations there is considerably
less literature on forced periodic operation. Of the studies that do use periodic
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excitation of the reaction, most apply periodic concentration forcing rather than
temperature forcing. The first result for temperature forcing of CO oxidation dates
back to 1980 [92], although that study uses a V2O5 catalyst rather than a platinum
catalyst. In that study the temperature is switched between two values with a ∆T of
10− 20 K and cycle periods between 1 h and 8 hours. The CO2 production under
the temperature switching is compared to that of steady state operation under the
time average temperature of the cycle. For periods larger than 6 h quasi steady
state behavior is found. Since the steady state conversion curve is convex, the
quasi steady state outperforms the steady state conversion at the time averaged
temperature (see figure 5.1). This improvement is considered trivial and does not
give periodic operation an advantage over steady state operation at the highest
available temperature C. Therefore the authors concluded that there is no advantage
of periodic temperature forcing operation in this regime. In 1987 a study showed
that forced oscillations of temperature or pressure can be used to influence the
spontaneous oscillations, specifically making them more regular [93].
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Figure 5.1: Switching between A and C under quasi steady state results in conversion
of D, which is higher than the steady state conversion B at the same
average temperature.

More recently, several forced temperature studies have been performed in microre-
actor setups by two separate groups. Luther and coworkers built several devices
for periodic temperature operation [64, 94, 95] and tested them on the CO oxidation
reaction over a supported platinum catalyst (Pt/Al2O3). Initially, they demonstrated
the same trivial rate improvement, but further investigations showed up to 70% extra
conversion over the QSS associated with that form of operation (thus beating the
dashed line in figure 5.1). The main results were obtained with temperature pulses
of ∆T equals 60 K and periods of 17 s. They believe the conversion improvement by
using temperature forcing is caused by the temperature changing faster than the
surface coverages can follow and show a simulation (not of CO oxidation) in which
this phenomenon indeed occurs.
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5.1 Carbon monoxide oxidation

Jensen and coworkers also investigated temperature forcing of catalytic reactions
in a microreactor [96]. They also used CO oxidation on a similar supported platinum
catalyst as a test reaction. Their most recent setup created a temperature deviation ∆T
of 20 K at a frequency of 1 Hz [65]. They found a non trivial increase of conversion
for periodic temperature operation of up to 70%, similar to the German group. Their
data showed that the gain increases with pulse frequency and also increases with
pulse amplitude [74]. They simulated the CO oxidation model of equation 5.1 with
the kinetic parameters of a combustion model in literature [80] and claim that the
system is in quasi steady state for frequencies below 1 kHz such that a slow change
of surface species can not be the cause of the rate enhancement. They argue that
variations in partial pressures may cause the features they observed.

Although both groups noticed a similar increase in reactivity under periodic
temperature operation they give very different explanations for it. What mechanism
is actually behind the increase is not clear and simulation results depend largely on
which model is used. Even this relatively simple reaction has many features and
there is no single model which covers all of them. In a PhD research in the early
1990s five models with different mechanisms were developed, each of which can be
used to explain certain features of experimental data [97, 98].

The following expression is used by the group of Jensen to indicate the relative
rate enhancement Φ:

Φ =
〈r (T0, A, f )〉 − rQSS (T0, A)

rQSS (T0, A)
(5.2)

In equation 5.2 〈r (T0, A, f )〉 is the time averaged rate at a given frequency f and
rQSS (T0, A) is the time averaged rate for frequency approaching zero. Both rates are
dependent on the pulse amplitude A and the base reactor temperature T0. The quasi
steady state rate is measured by applying a frequency of 10 mHz. The experiments
described in this chapter have a different goal. The aim is not necesarilly to increase
rate over any steady state operation even though the simulation chapter shows this
may indeed be possible. The main goal here is to show that it is indeed possible to
create conversion through pulsing the catalyst temperature and to switch the reaction
rate near instantaneously. In this setup it is not possible to create the high catalyst
temperatures at low frequencies. Therefore, a different measure is introduced: the
relative pulse effectiveness η as stated in equation 5.3.

η =
〈r (T0, A, p)〉 − rSS (T0)

rSS (T0)
(5.3)

In this equation, 〈r (T0, A, p)〉 is the average pulsed reaction rate, depending on
the base temperature T0 in [◦C], the pulse amplitude A [J] and the period p [s]. A
positive value for η indicates a positive effect and a negative value means that pulses
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actually decrease the reaction rate. In an ideal pulsed activation reaction the rate
is zero when no pulses are applied. Therefore, the relative pulse effectiveness is
infinity in the ideal case. However, as discussed in the previous chapter the setup
used here is the first of its kind and has many operational limitations. Therefore, it
may be expected there is some base conversion in the reactor even when no pulses
are applied.

The gains observed are the average result of many temperature pulses over time.
To investigate what the average contribution of each individual pulses is, another
measure is introduced. This measure is the relative conversion per pulse θ, which is
the same relative gain as η except it is divided by the pulse frequency (or multiplied
by the period). Equation 5.4 gives the expression for θ:

θ = ηp (5.4)

The relative conversion per pulse θ relates the relative pulse effectiveness to the
pulse period p. It measures the added effect of one pulse as compared to the steady
state rate of reaction at the same base reactor temperature. A value of unity for θ

means that one pulse creates as much product as is created in steady state operation
in one second.

5.1.1 Experimental results

The CO oxidation experiments for waste removal and in fuel cell experiments
typically use a small fraction of CO and an excess of oxygen. These conditions are
also chosen here. Specifically, the operational parameters used in these experiments
are shown in table 5.1. The total pressure is approximately two atmosphere to
maintain an overpressure in the reactor such that small leaks do not immediately
lead to a large inflow of air. Argon is used as a carrier gas and care is taken to stay
well outside the region of explosive concentrations.

Parameter Value
pCO 3 kPa
pO2 20 kPa
pAr 180 kPa

φ/V 0.4 1/s
T0 150− 210 ◦C

Table 5.1: Operational parameters for CO oxidation reaction.
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5.1 Carbon monoxide oxidation

Pulse amplitude

The CO2 formation is tracked for a stepwise increase of the pulse amplitude. Specif-
ically, the pulse energy is increased in six steps from zero to the maximum at
which the reactor still operates reliably, which was found to be 300 mJ per pulse as
discussed in chapter 4. The pulse frequency is kept constant at 20 Hz. Each new
setting is maintained for 5 minutes. The total energy applied to the platinum strip is
kept constant over time using the DC compensation source. The DC source always
complements the energy added with pulsing to 6 W. Figure 5.2 shows the mass
spectrometer CO2 signal for this experiment, normalized to the base reaction rate at
a temperature of 150 ◦C which is displayed in the bottom right.
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Figure 5.2: Relative CO conversion as function of pulse amplitude.

From figure 5.2 it can be seen that the relative rate is effected significantly by
the temperature pulses once the pulse energy reaches 200 mJ per pulse. For pulse
energies of 150 mJ and lower the impact is only small at all base temperatures. The
rate of reaction without pulses also increases with reactor base temperature.

Evaluation of η and θ as discussed in the previous section gives more insight in the
relative effect of the pulses at each temperature. Figure 5.3 shows the relative pulse
effectiveness η. The relative pulse effectiveness shows roughly the same behavior
at each temperature. For pulse energy up to 150 mJ the effectiveness of the pulses
is near zero as compared to the steady state conversion. For pulses of 200 mJ the
increase in rate due to temperature pulsing is around 0.3 times that of steady state
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operation at the same temperature, for 250 mJ and 300 mJ the value quickly rises
to between 4 and 5 times as effective as steady state operation. Note that the odd
value at 250 mJ amplitude and 180 ◦C base temperature can be attributed to the
mass spectrometer artefact described in the previous chapter. Clearly, temperature
pulses can be used to increase the production of CO2 by approximately a factor of
four at all temperatures.
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Figure 5.3: Relative pulse effectiveness versus temperature and amplitude.

Figure 5.4 shows the relative conversion per pulse. Since all data was taken at the
same flow rate and at the same pulse frequency θ is similar to η, only the scaling is
different. For 300 mJ pulses at this frequency each pulse produces over 20 percent of
the steady state production per second.

It is clear that high energy pulses have the largest impact on the observed conver-
sion. The next question is how the value for θ varies with pulse repetition rate. Is
the added conversion a pure per pulse phenomenon, indicating that all the surface
processes are near their equilibrium at the start and end of each pulse? If this is the
case a purely linear dependence of the conversion on pulse frequency is expected.

Pulse frequency

To inspect the dependence of the CO2 production on the frequency of the pulses the
pulse amplitude is fixed at 300 mJ per pulse and the pulse frequency is varied in six
equidistant steps. The maximum frequency applied is 20 Hz, corresponding to a
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Figure 5.4: Relative CO conversion per pulse θ versus temperature and amplitude.

repetition period of 50 ms. This is the same frequency that was used in the previous
experiment. Figure 5.5 shows the CO2 production normalized to the steady state
value at 150 ◦C in this experiment. Within this range of parameters the reaction
rate consistently increases with pulse temperature as well as with pulse frequency.
Moreover, the increase with pulse frequency is approximately linear.

Figure 5.6 shows the relative CO2 production for this experiment. In this figure it
can be seen that by increasing the pulse repetition rate the CO2 production by pulses
can be varied up to approximately four times the steady state production for all the
temperatures.

Finally, in figure 5.7 we can observe that the per pulse production increases slightly
with pulse frequency, especially at the higher base regime temperatures.

Reaction rate versus time

The main goal of the pulsed activation concept is to obtain fast and accurate control
over reaction rates. The measured data show that the reaction rate can be influenced
significantly, but it does not show how the rate changes over time. Figure 5.8
shows the value of η tracked during the pulse frequency experiment presented in
the previous subsection. The frequency is increased every five minutes, increasing
rate for the surface reaction and producing the staircase like figure. The transition
from one step to the next is near instantaneous. Moreover, the reaction rates are
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Figure 5.5: Normalized CO conversion versus temperature and repetition period.
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Figure 5.6: Relative CO conversion as function of pulse frequency.
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Figure 5.7: Pulse effectiveness versus temperature and pulse frequency.

approximately constant over time as long as the pulsing parameters are not changed.
The reaction rate follows the pulse parameter settings quickly and reproducibly.

Therefore, by constructing a mapping of reaction rate to pulse frequency it is possible
to obtain any desired reaction rate quickly within this range by switching to the
corresponding pulse frequency/amplitude.

Interpretation of observed pulsing effects

As demonstrated, the rate of reaction can be influenced significantly by applying
temperature pulses. But can the observed influences on the reaction rates be ex-
plained qualitatively? In this setup it is not possible to observe the concentrations
within the timeframe of a single pulse and therefore only the averaged effect of many
pulses and base regime periods can be observed directly in the data. To discuss
what is taking place at the surface during temperature pulses therefore requires
interpretation of this data. In this subsection the effects of pulsing on the reaction
rates will be investigated more closely. Since the DC source complements the total
power added to the surface to a constant amount the influence on the rate cannot be
due to a changing steady state heat distribution and must be attributed to the high
surface temperatures reached during the pulses. Effectively, two explanations are
possible for rate changes by temperature pulsing:

• The application of high temperature pulses influences the surface in such a
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Figure 5.8: Pulse effectiveness η measured over time.

way that the reaction rate is increased, even during the time in which the
base regime is applied. For instance, the high temperatures and temperature
gradients may lead to surface restructuring, or they may clean the surface from
rate inhibiting species. Such effects can take effect on much larger timescales
than that of the pulses themselves.

• The temperature pulses increase the reaction rates only during the time that the
surface temperature is actually high and/or right after the times of switching
between regimes. In the concept of pulsed activation as presented in chapter 2
and the simulations in chapter 3 this situation occurs. The crucial property of
this explanation is that as soon as pulsing is stopped, the reaction rate quickly
drops back to the rate associated with the base temperature.

From figure 5.8, it is observed that the CO2 signal drops back to the rate of the
base temperature very quickly. However, the sampling period of the data is 10 s
whereas the pulse repetition period becomes as low as 50 ms. At any temperature,
the measured CO2 production is approximately linear in the pulsing frequency.
Therefore, there is no observable effect of overlapping between different pulses. If
pulse effects overlap, this is a proof that temperature pulsing has an effect on the
reaction rate at a timescale larger than the pulse repetition period. The absense of an
observable overlapping effect does not necessarily mean that all pulse effects have
gone away at the start of the next pulse. Therefore, even though the data is consistent
with the second explanation, it cannot be proven longer timescale phenomena do
not exist.

To help understand what happens at the surface the effects of a temperature pulse
are simulated using a micro kinetic model. For this purpose, it is assumed that there
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5.1 Carbon monoxide oxidation

are no effects on a longer timescale than the pulse themselves. Furthermore, it is
assumed that the reaction schematic of equation 5.1 with the kinetic parameters of
[80] are valid during temperature pulsing. From the platinum resistivity measure-
ments in chapter 4, the peak temperature reached with 300 mJ pulses is estimated to
be 250 K higher than the base temperature. The shape of the temperature profile is
likely to be a smoothened pulse as the one in figure 4.5. Since the exact profile is not
known, the temperature profile is approximated by an ideal switching temperature
as shown in figure 3.1. The pulse length is assumed to be 20 µs, which roughly
corresponds to the time at which the pulse temperature is above 70% of the peak
temperature both in simulation and in the resistivity measurement.
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Figure 5.9: Simulation of per pulse increase θ with dynamic surface model.

Figure 5.9 shows the simulation of the relative conversion per pulse θ, using the
idealized temperature profile. Comparing with the measured results shown in figure
5.4, two differences stand out. In the measured results θ is nearly independent
of temperature whereas in simulation the value drops quickly with increasing
temperature. Furthermore, in the measured results θ is significantly higher than the
simulation results especially at the higher temperatures. Increasing the simulated
pulse temperature to 450 K quantitatively brings θsim in the right range for the higher
temperatures, but the strong dependence on base temperature remains present. An
important observation is that for the model used (as well as the other models
found in literature) the kinetic parameters are such that the system adjusts to the
new conditions very quickly under these temperature/pressure conditions. No
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significant nonlinearities are found around the moments of switching, such that the
quasi steady state approximation remains valid for the ’slow’ pulses of 20 µs. Note
that applying a smooth temperature profile rather than the idealized temperature
switching qualitatively and quantitatively (if the peak temperature is increased)
yields the same results. The approximation by an ideal switched temperature profile
is thus not causing the poor match between model and reality.

As an alternative, the reaction rate can be approximated using a single Arrhenius
term. For base regime conditions between 180 ◦C and 220 ◦C a good fit to the
reaction rate can be found. The resulting apparent activation energy is 69 kJ/mol.
If this approximation for the reaction rate is extrapolated to higher temperatures a
QSS simulation of the temperature pulses gives both qualitatively and quantitatively
similar results as those shown in figure 5.9.

The approximation of reality by the both simulation strategies is poor. In simu-
lation the system always remains in quasi steady state condition. Whether this is
the case in reality is not clear. As stated earlier, both Jensen and coworkers [65] and
Luther and coworkers [94] observe periodic conversions which are higher than can
be explained with a QSS model at periods in the order of 1 s. From their studies it is
not clear either whether this behavior can be explained with an actual kinetic effect
or whether a different phenomenon is the cause. Luther and coworkers show that for
some kinetic model (not of CO oxidation) with some kinetic parameters (arbitrary
but in a realistic range), slow effects can be simulated. In contrast, Jensen and
coworkers conclude that microkinetic simulations of CO oxidation yield QSS results
even for frequencies far higher than 1 Hz and therefore attribute the observations
to unmodeled phenomena. Specifically, they suggested pressure gradients in the
reactor as a possible cause.

In general, the measured results of temperature forcing do not appear to allow
satisfactory approximation by QSS simulations in any of the studies, including
this work. Specifically, in this study the measured pulse effects are significantly
higher than expected from simulation with a 250 K temperature pulse. Furthermore,
the measured increase by pulsing is an approximately fixed ratio of the reaction
rate at any temperature whereas dynamic simulation yields a strong temperature
dependence. At the moment, the cause for these discrepancies is not clear.

Catalytic turn over frequency

A common way of investigating catalytic reactions is by investigating the turn over
frequency for the catalytic sites. In chapter 3 it was pointed out that for perfect
temperature switching with high temperature pulses it is expected that with each
pulse a batch of product is created. Such a batch is expected to be less than a
monolayer for short pulses of high temperature.
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In this experiment the partial pressure of CO was 3 kPa. The highest CO2 produc-
tion occurs at the highest base temperature (210 ◦C = 483 K). By examination of the
CO concentration in the outlet, the steady state conversion without pulsing is found
to be 5.1% at this temperature. The reactor volume is 40 µl (chapter 4). Assuming
the ideal gas law holds, the total amount of CO2 in the reactor is equal to (with R
being the gas constant in [J/molK]):

nCO2
=

0.051 pCOV
RT

=
0.051 · 3 kPa · 40 · 10−9 m3

8.31 J/molK · 483 K
= 1.5 nmol (5.5)

Since the total flow through the reactor is set at 2 mln/min the refresh rate
(flow per volume) is 0.42 1/s. Therefore, the total production of CO2 is equal to
0.63 nmol/s. The total catalytic surface is 1 cm2 which corresponds to 1.67 nmol
catalytic sites, assuming there are 1015 active catalytic sites per square centimeter.
Therefore, the turn over frequency is equal to:

TOF =
CO2 production

# sites
=

0.63 nmol/s
1.67 nmol sites

= 0.37 1/site s (5.6)

For 300 mJ pulses, the pulsed conversion per pulse is approximately twenty
percent of the base reactivity (see figure 5.4). Therefore, the highest observed
production per pulse is approximately 7% of a monolayer. Since this amount is
substantially lower than a full monolayer it is consistent with the pulsed activation
concept as presented in chapter 2. More experiments are required to establish
conclusive results.

5.1.2 An energy perspective on temperature pulsing

A different way to look at the reaction is to consider the amount of CO2 produced
per amount of energy used to operate the reactor. Such a measure can be relevant in
industrial applications, especially for endothermic reactions. Using normal steady
state operation, the temperature controller in this reactor uses approximately 26 W
to maintain the base temperature of 210 ◦C. The estimated CO2 production is
0.63 nmol/s at this temperature. Therefore, the production of CO2 using the steady
state method takes approximately 41 GJ/mol for this reactor configuration. The
amount of energy used to create the highest temperature pulses is 300 mJ per
pulse. Each such a pulse creates approximately 0.13 nmol CO2. Dividing the two,
the production of CO2 using the pulsed activation method takes approximately
2.4 GJ/mol. Therefore, in this setup, the pulsed activation method is over 17 times
as efficient in producing CO2 than the steady state method.

Note that in this computation, it is assumed that the reactor is maintained at the
correct base temperature using only the energy released by the pulses. Creating
such high amount of pulses makes the conversion too high, which was not desired
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in these experiments. In the experiment as it was run, the total energy used in the
pulsed and non-pulsed experiments is identical. In the pulsed situation, the reaction
rate is five times higher. Therefore, in this particular experiment, the pulsed method
uses five times less energy to produce the same amount of CO2.

Also note that these values are dependent on the reactor design. This reactor
was not designed to be energy efficient at all. Computing these numbers which
have a dimension of gives an indication of how efficiency can be compared for a
given reactor. The dimension of GJ/molis much larger than realistic for industrial
applications. The fact that pulsed activation is more efficient for this setup does not
mean that it will also be more efficient in a large schale industrial reactor.

5.2 Ethylene hydrogenation

Hydrocarbon chemistry is becoming increasingly important for our energy intensive
society. Increasing interest in the Fischer-Tropsch process, which creates synthetic
waxes and fuels from CO and hydrogen mixtures, is a good example of this. The
chemistry of hydrocarbons on metals is very complex, consisting of many different
steps and species. One molecule can often be found in several forms on the surface,
depending on the type of bond with the surface. Hydrogenation of ethylene, the
smallest olefin, is commonly used as a prototype reaction for catalytic hydrogena-
tion of hydrocarbons. Since it is also relatively easy to operate, hydrogenation of
ethylene is one of the most intensively studied catalytic reactions [99]. In ethylene
hydrogenation the double bond in ethylene is converted into a single bond as two
hydrogen atoms are added to the complex to form the product ethane (C2H6).

Sabatier and Severens were the first to describe the reaction in 1897 [100], but it
was the celebrated paper by Horiuti and Polanyi in 1934 [101] that established the
simplified mechanism in greater detail. The mechanism they suggested involves
a Langmuir-Hinshelwood scheme in which the platinum is assumed to consist of
individual sites. The ethylene adsorbs onto the surface, bonding with two adjacent
sites (σ-ethylene). Similar to oxygen, hydrogen adsorbs dissociatively after which
both hydrogen atoms occupy a single site. Subsequently, the ethylene can react
with a hydrogen atom to form an intermediate species Horiuti and Polanyi called
half-hydrogenated ethylene (an ethyl radical). This ethyl radical reacts with another
hydrogen atom to form the final product ethane which desorbs immediately and
irreversibly. Their mechanism, given by equation 5.7 is used extensively in literature
(see eg [102, 29]) as it predicts reaction rates reasonably well.

116



5.2 Ethylene hydrogenation

H2 + 2∗� 2H∗
C2H4 + 2∗� ∗C2H4∗

∗C2H4 ∗+H∗� ∗C2H5 ∗+∗
∗C2H5 ∗+H∗ → C2H6 + 3∗

(5.7)

As more spectroscopic techniques became available in the second half of the
twentieth century, it became clear that the Horiuti-Polanyi mechanism is only a
simplification of what happens at the surface (see e.g. [103]). Several chemical
species were observed on the surface which are not part of the Horiuti-Polanyi
mechanism. Specifically, a form of ethylene bonding with just a single site (π-bonded
ethylene) and ethylidyne (CCH3) have been observed in many studies [104, 105, 106].
The presence of vinyl and ethylidene intermediates have been suggested, but do
not correspond with recent findings. The π-bonded ethylene is suspected to play a
role at very low temperatures where it is more stable and may provide a reaction
pathway towards ethane. The role of ethylidyne has been much more debated.
Although it occurs in measurable quantities on the surface, its presence does not
appear to influence the reaction rate significantly. Therefore, most authors believe
that ethylidyne is merely a spectator to the actual reaction. However, several studies
suggest that ethylidyne is actually an intermediate in a slow reaction path to ethane.
Interestingly, the surface concentration of ethylidyne appears to have a maximum
around room temperature [107].

The ethylidyne surface concentration may even be so large that it fills up the entire
surface [108] leaving no sites for ethylene to adsorb. However, even in that case
the rate of ethylene conversion does not appear to be influenced significantly. It is
currently not completely understood why this is the case. One hypothesis is that
the ethylene actually adsorbs on top of the layer of ethylidyne [109, 110] rather than
directly onto the platinum. Another hypothesis is that the ethylene can compress the
ethylidyne (which has been shown to be highly mobile on the surface) and adsorb
on the platinum sites freed.

In the Horiuti-Polanyi mechanism all catalytic sites are identical such that there is
competitive adsorption of hydrogen and ethylene. However, at low temperatures
and under UHV conditions, it has been observed that hydrogen can still adsorb on a
surface fully covered in ethylene [111, 112]. It is speculated that both competitive and
non-competitive adsorption play a role in this reaction, but that under atmospheric
pressures the non-competitive adsorption is not favored kinetically. The Horiuti-
Polanyi model can be adapted to include the non-competitive adsorption as well
[112]. Alternatively, more complex models have been developed tracking all known
surface species over only one type of catalytic site [113]. Although the Horiuti-
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Polanyi mechanism fails to include some important parameters it nevertheless
suffices to fit most practical steady state results, which is why it remains the preferred
model in most studies. However, it should be emphasised that when temperature
pulses in the microsecond range are applied, the exact surface dynamics may play a
much more significant role.

A major problem with catalytic hydrocarbon reactions is the fact that the reaction
rate is not constant for repetitive runs on the same catalyst. Specifically, in the
long run the catalytic activity is found to decrease significantly, especially for non
supported catalysts such as the one in the proof of principle reactor. The deactivation
has been attributed to different factors including buildup of impurities in the feed,
buildup of dehydrogenated carbon species and even polymerization of ethylene
[99]. Deactivation is also observed in the proof of principle setup, making it more
difficult to make results reproducible. The deactivation occurs on different timescales,
sometimes even being prominent within the timescale of one experiment. The
data presented in this section is taken from experiments where the activity was
reproducible over the length of the experiment. However, between experiments the
catalytic activity can differ and therefore the discussion of these experiments is more
qualitatively than quantitatively for absolute reaction rates.

5.2.1 Experimental results

The experimental conditions for the experiments are given in table 5.2. Comparing
to the CO oxidation parameters the key differences are in the reactant ratios and in
the base temperature. While CO oxidation is operated at high oxygen to CO ratio,
the ethylene hydrogenation is operated at stoichiometric conditions. The reaction is
carried out with argon as a carrier gas to bring the total pressure in the reactor to
two bar. Since ethylene does not block adsorption of hydrogen quite as much as CO
blocks the adsorption of oxygen the rate is already significant at lower temperatures.
To keep the conversion low the base reactor temperature is lower than used in
CO oxidation. A disadvantage of the lower base temperature is that it limits the
maximum power that can be added to the platinum through pulses. Specifically, for
a base temperature of 50 ◦C the power input in the platinum is limited to 2 W.

Parameter Value
pC2 H4 7.5 kPa
pH2 7.5 kPa
pAr 185 kPa

φ/V 1 1/s
T0 50− 100 ◦C

Table 5.2: Operational parameters used in ethylene hydrogenation.
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To measure the concentration of the reaction product ethane, the signal corre-
sponding to mass 30 is tracked. The highest peak of the mass spectrum for ethane
actually lies at 28 but that peak cannot be distinguished from the peak of ethylene
which is also located at mass 28. At mass 30 there are no other significant peaks
than that of ethane.

The goal of the measurements is to investigate the influence of temperature
pulsing on reaction rate, just as with the CO oxidation experiment. The same
relative measures are used, with a subscript to distinguish them from those for
CO. The measures investigated are relative production, pulse effectiveness ηeth and
effectiveness per pulse θeth. It is observed that pulses of amplitude lower than 150 mJ
have no visible effect on the rate and that higher energy pulsing leads to the largest
effect, just as in the CO experiments. Therefore, the maximum pulse amplitude is
considered most interesting and the investigation is limited to variation of the pulse
frequency, while always using the maximum pulse amplitude.

Pulse frequency

The formation of ethane is tracked for a stepwise increase of the pulse frequency.
The pulse frequency is increased in six steps from zero to the maximum frequency
(200 ms period). The pulse amplitude is constant at 300 mJ. Each new setting is
maintained for 5 minutes. This time the DC source complements the total energy
added to the platinum to 2 W. Figure 5.10 shows the mass spectrometer ethane
signal for this experiment, normalized to the nominal conversion at no pulses and a
base temperature of 50 ◦C. At base temperature 80 ◦C and repetition period 300 ms
there is another mass spectrometer artefact.

In figure 5.10 it can be seen that the reaction rate increases with base regime
temperature as well as with pulse frequency. The difference between the rate at
50 ◦C without pulsing and the rate at 100 ◦C with maximum frequency pulsing is a
factor of 70. Figure 5.11 shows the pulsing effects relative to the base reaction rate
for that temperature. For all frequencies the relative effect increases monotonously,
almost linearly with frequency. At a temperature of 70 ◦C, pulsing has the largest
effect. At a repetition rate of 5 pulses per second the rate added through pulsing is
twenty times the base reaction rate.

The relative rate increase per pulse θeth is shown in figure 5.12. At all temperatures
the relative increase is the highest at the lowest frequencies. For higher pulsing
frequencies, the effectiveness of each pulse is diminishing. Note that the relative per
pulse gain is higher than it was for the CO. The measured peak relative gain per
pulse is almost 6.5 times the base rate for ethylene, whereas it was below 0.25 for
CO oxidation.

If the dynamics on the surface are such that the reaction operates under quasi
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Figure 5.10: Normalized ethane production as function of pulse frequency and
temperature.
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Figure 5.11: Relative pulse effectiveness η versus pulse frequency and temperature.
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Figure 5.12: Relative per pulse conversion θ versus pulse frequency and temperature.

steady state conditions for temperature pulses in the 100 µs timescale, it would be
expected that the effectiveness remains the same for each pulse frequency in the
range applied here. However, in the experiment the effectiveness per pulse is smaller
for higher frequency pulses. Therefore, the quasi steady state model can not be used
to explain the results of this experiment. Somehow, the pulse frequency must have
an effect on the conditions at the surface. Due to the shorter period between pulses
the conditions at the start of the next pulse are not the same as they were for longer
periods between the pulses. These conditions could refer to the surface balance of
species, or the way they are bound to the surface, or even to different gas phase
conditions.

Dynamic response of the reaction rate

The dynamic response of the reaction at 60 ◦C is shown in figure 5.13. Like in CO
oxidation, the response is quite fast. Five minutes is more than enough as settling
time, except when the pulsing is switched off. At the moment the pulsing is switched
off, the hydrogen signal does return to the original value nearly immediately, such
that it is likely that the reaction rate does drop back immediately even though this
is not apparent from the ethane response. The diminishing returns for increasing
frequency can clearly be observed in this graph. Each successive step is a little smaller
than the previous. However, it is still possible to make a mapping from pulsing
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frequency to reaction rate. By applying pulses at the corresponding frequency, the
rate can be controlled quickly and accurately.
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Figure 5.13: Pulse effectiveness η measured over time.

5.3 Hydrogen oxidation

Like the first two reactions, the oxidation of hydrogen (H2) over platinum is a
well studied reaction. It has practical relevance in combustion as well as fuel cell
applications. In this reaction hydrogen and oxygen gas are guided over the platinum
surface where they can take part in a catalytic reaction to form the reaction product
water and releasing a significant amount of heat. In complexity it is a step up from
CO oxidation. There are two important differences with the CO oxidation reaction.
Firstly, hydrogen adsorbs dissociatively similar to oxygen rather than molecularly
like CO. However, since the sticking coefficient for hydrogen is much higher than
that for oxygen poisoning of the surface may still occur. Secondly, the formation of
water takes two surface reaction steps. First an intermediate OH surface species is
created which can react either with another OH species or with an H atom to form
water. This basic reaction scheme is given in equation 5.8.

H2 + 2∗� 2H∗
O2 + 2∗� 2O∗

O ∗+H∗� OH ∗+∗
OH ∗+H∗ → H2O + 2∗

2OH∗ → H2O + O ∗+∗

(5.8)
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5.3 Hydrogen oxidation

It has been observed (and computed [114]) that the formation of OH is the rate
limiting step. The model can be used to get reasonable matches to experimental
data, but like the CO oxidation model it is far from ideal. For instance, the O and
H atoms are observed to conglomerate and form islands just like in CO oxidation.
At the places where these regions meet the species react to form adsorbed OH.
Subsequently the OH can react with another hydrogen atom to form water [115].
Based on observations in single crystal studies it has also been suggested the surface
defects are responsible for most of the reaction events [116]. A special type of
model, the reactive site model, was developed to incorporate the phenomenon [117].
Another observation is that the adsorption of hydrogen can be either activated or
non-activated depending on the amount of oxygen present on the surface [118].

Oscillatory behavior

The hydrogen oxidation reaction is also well known to show oscillatory behavior
on several metal surfaces including platinum. The rate multiplicity and oscillations
are commonly explained using surface oxidation and restructuring, as with the CO
oxidation. Spontaneous oscillation also has been observed in the proof of principle
reactor, as shown in figure 5.14. This oscillation was observed on a fresh wafer
under the reaction conditions used in the pulsed activation experiments. The period
of the oscillation is almost 22 min whereas the residence time in the reactor is
approximately 1 s. Apparently, some slow and large scale phenomenon is taking
place on the surface (or in the reactor) at a completely different timescale than the
surface reaction itself. The model of equation 5.8 does not show these oscillations,
though attempts have been done to use additional slow steps to explain this feature
in literature [119, 120].

Note that the amplitude of the oscillation in the water signal is very significant.
The low part of each period is equal to the background signal of water in the reactor,
a region in which the rate is too small to be measured. Therefore it is likely the
actual rate of the catalytic reaction varies over an even larger range than the factor
of ten observed in figure 5.14. The oscillation can be sustained over a long time,
although the amplitude of the oscillation steadily decreases over time. The decrease
suggest there is some sort of deactivation of the platinum catalyst over time. Under
oscillatory conditions, the rate is extremely sensitive to the reaction conditions. The
oscillation can be sustained over a long time if nothing is changed in the conditions,
but even the smallest change in the pressures, total flow and/or surface temperature
can have a big impact on the oscillation. The oscillation may change in phase,
amplitude and/or period and it may take some time to become stable again.

As discussed, oscillations on the platinum catalyst are believed to be caused by
a slow surface oxidation/reduction mechanism. In this mechanism there are two
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Figure 5.14: Spontaneous oscillations observed in the mass spectrometer signal for
water.

types of surface sites, one of which is more active in the reaction than the other. In
the proof of principle reactor, the default state of the surface apears to be the less
active type. Under the right partial pressures and taking care that no trace amounts
of ethylene/CO remain from previous experiments, the surface periodically goes
into the more active state.

In the following it will be shown how temperate pulsing may be used to influence
the state of the surface. The large difference in surface activity during an oscillation
period and the irregularity and irreproducibility of exact oscillation profiles under
steady state operation indicate there is a potential for temperature pulsing to control
the reaction rate over a large range. Comparing the spontaneously oscillating surface
reaction with the pulsed activation method, an important overlap is the existence of
two separate regimes. A potential application for pulsed activation would be control
reaction rate by ’triggering’ high surface activity with temperature pulses. Ideally
the surface is in the inactive state when no pulses are applied. When temperature
pulses are applied the high reaction rate is ’activated’, but when pulsing is stopped
the surface would revert back to the inactive state immediately. This strategy is
explored in section 5.3.1.

Note that it is also possible to operate the reaction under steady conditions as the
reaction does not show oscillations under all conditions. Specifically, by changing
the hydrogen to oxygen ratio, it is possible to select a regime in which no oscillations
are observed. Under those conditions, temperature pulsing can be used to increase
reaction rate similarly to the result obtained in the CO oxidation. Because the
base reaction rates and the influence of temperature pulsing are lower under non-
oscillating conditions, only the triggered oscillation is considered here in the water
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5.3 Hydrogen oxidation

formation reaction.

Practical limitations

Running the hydrogen oxidation reaction in the proof of principle setup is not as
straight forward as running the CO oxidation reaction. There are a number of
limitations that need to be considered, which are listed below.

• The reaction product, water, is a liquid at temperatures below 100 ◦C. Since the
setup is built for gaseous reactants and products the flow controllers included
do not handle liquids well. Therefore, when operating at temperatures below
100 ◦C the reaction needs to be operated at low conversions, such that the
partial pressure of water in the reactor remains below the vapor pressure of
water at the reactor temperature.

• Water molecules are well known to be relatively sticky as they readily stay
attached to reactor walls and pipes. Therefore, even a stepwise change of
water pressure in the reactor can only be observed as a gradual change by
the mass spectrometer. Longer measurement times are needed for individual
pulse settings to get an accurate reading.

• The background pressure for water is relatively high. Whenever a flow of
hydrogen is applied, there is always a certain amount of water observed in
the reactor. This signal does not depend on the residence time, only weakly
depends on the reactor temperature and remains present even when CO is
added to the inlet gas flow. Therefore, it is not likely this water is formed by a
catalytic reaction on the platinum strip.

• As observed in the oscillation of figure 5.14, there are processes taking place on
the surface on a timescale much longer than that of the pulses or the residence
time in the reactor. If these slow processes are observed, it is tricky to isolate
the effects of the pulses since the slow processes may dominate the signal.

To operate the reaction succesfully, these restrictions need to be considered in the
operating conditions. Specifically, the following measures were taken:

• High flow: To keep the water concentrations low and flush out any produced
water quickly, the flow is set to the same value used in the ethylene hydrogena-
tion. This flow is higher than for the CO oxidation reation.

• Low temperature: At higher temperatures the reaction rate rapidly increases,
leading to a significant conversion and excessive water formation in the reactor.
To prevent high water content the temperature is necessarily kept low. The
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5 Proof of principle experiments

reaction is carried out at temperatures between 50 ◦C and 70 ◦C. At these
temperatures, water is a liquid. However, as long as the partial pressure is
below the vapor pressure this is not a problem.

• Limited pulse energy: As with the ethylene hydrogenation the total pulsed
energy is limited, in this case to 3 W. The total DC plus pulse energy used in
the CO oxidation was 6 W. However, due to the smaller temperature gradient
with the environment the passive cooling rate is smaller. At 3 W of power
supplied to the platinum, the reactor settles at 47 ◦C without any heating by
the temperature controller. Therefore, the maximum pulsing energy is limited
to 3 W to make sustained operation at 50 ◦C feasible.

5.3.1 Experimental results

The hydrogen oxidation reaction is run at equal hydrogen/oxygen pressures with
argon as a carrier gas. The water production is measured by monitoring the mass
spectrometer signal for mass 18 which corresponds to the molar mass of water. Table
5.3 shows the operating parameters for this reaction. The total pressure in the reactor
is set to 2 bar once again to prevent inflow of ambient gases.

Parameter Value
pH2 34 kPa
pO2 17 kPa
pAr 153 kPa

φ/V 1 1/s
T0 50 ◦C

Table 5.3: Operational parameters for H2 oxidation.

In pulsed CO oxidation and ethylene hydrogenation the reaction rate adjusts
nearly instantly to the new pulsing conditions and remains constant over time as can
be seen from figure 5.8. The response of the hydrogen oxidation rate as a function
of pulse conditions may not always be quite as straight forward. To distinguish
between different effects, the response of the reaction rate to a change in condition is
considered to consist of three separate components:

• Transient component: The reaction rate may have an initial high response to
temperature pulses which eventually becomes stable at a lower value. Alter-
nately, the rate may initially show only a relatively small change, which grows
over time. The transient component is the effect that goes away over time. The
speed at which the transien component goes away may vary over a wide range.

• DC component: The change in reaction rate that is left when the transient
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5.3 Hydrogen oxidation

component is gone is the DC component of the change. Ideally there is no
transient component and only the DC component needs to be considered.

• Periodic component: It may be that there is a dynamic part in the response of
the signal that does not go away over time. That part is the periodic component
of the response. It can show very regular oscillations, irregular oscillations or
even chaotic behavior. Periodic responses are not desired in most applications.

Note that it is possible for any combination of transient/DC/periodic component
to be present. Identifying each of the components requires waiting until the transient
has gone away. Depending on the length of the transient signal this can mean
experiments need to be run for a long time. There may be non related factors
affecting the reaction rate over time such as catalyst deactivation or slight changes in
flow/pressures. For longer experiment running times those factors can distort the
data such that shorter experiments are preferred.

The spontaneous oscillation shown in figure 5.14 decreases in amplitude slowly
over time. Figure 5.15 shows a typical water concentration versus time measurement
when the surface oscillation amplitude has already reduced to zero. The pulse
frequency is increased in steps similar to experiments with the other reactions. As
soon as the new frequency is applied the reaction rate responds. Unfortunately there
is a transient component and the water signal keeps increasing over time. It seems
that the reaction rate depends not just on the pulse conditions but also on time,
which greatly complicates the analysis of pulsing effects.
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Figure 5.15: Pulse effectiveness η measured over time.

The initial jump is indicative of the direct increase in reaction rate by the pulses.
However, due to the presence of the large slow transient component it is difficult to
isolate the value of the direct increase. Moreover, the transient contribution is also of
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interest and should be accounted for in some way. Therefore, it is chosen to take data
from the hydrogen oxidation in the following manner: Pulses are applied for 15 min
per pulse parameter and the rate of water formation corresponding to that parameter
is taken to be the average of the last 5 min. By consistenly applying this method to
experiments that do not show a periodic response, both the DC component and the
transient component are taken into account. However, when reviewing these results
as presented below one should remember that they are an (over)simplification of
significantly time dependent signals.

Water production versus pulse amplitude

Figure 5.16 shows the result for applying pulses of various amplitudes at a fixed
frequency of 10 Hz. As with the other reactions the total amount of energy applied
to the platinum is kept constant using a DC source. The measured values are
normalized to the conversion at 50 ◦C without any pulses applied. From this figure
it is apparent that higher pulses lead to a stronger effect. Below the energy of 200 mJ
per pulse the effect of temperature pulses on conversion can hardly be noticed.
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Figure 5.16: Normalized water production as function of pulse amplitude.

Figure 5.17 shows the relative increase in water production ηH2O at each tempera-
ture. In this temperature region the increase due to pulses is more pronounced for
higher temperatures. At 70 ◦C, the reaction rate can be increased by almost a factor
of two by application of temperature pulses.
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Figure 5.17: Relative increase in water production as function of pulse amplitude.

Since the frequency of pulsing is constant throughout the experiment the figure for
θH2O is identical to figure 5.17 except the y-axis is a factor of ten smaller. Therefore,
the values of θH2O are in the same range as those for the CO oxidation, although
the qualitative behavior is completely different as there is a significant increase with
temperature.

Water production versus pulse frequency

As the effect of pulses is clearly most pronounced for the highest amount of pulse
energy available, the effect of pulse frequency is only shown for the maximum pulse
energy of 300 mJ per pulse. Figure 5.18 shows the measured water concentration
averaged over five minutes and normalized to the measured value at 50 ◦C without
any pulses. There is a clear monotonous increase with pulse frequency.

Figure 5.19 shows the relative increase due to pulsing at each temperature. The
maximum increase occurs at the highest frequency of 10 Hz and is approximately
a factor of two, in the same range as found in the experiment where amplitude is
varied.

Figure 5.20 shows the increase in rate per pulse. As with the ethylene hydrogena-
tion reaction, the increase is not quite linear in frequency. In stead, there is a slight
drop in pulse effectiveness, indicating some kind of change in surface conditions
due to the change in pulse frequency.
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Figure 5.18: Normalized water production as function of pulse frequency.
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Figure 5.19: Relative increase in water production as function of pulse frequency and
temperature.
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Figure 5.20: Pulse effectiveness as function of pulse frequency.

Triggering high surface activity with pulses

If a significant spontaneous oscillation is present temperature pulses give a much
larger response, consisting of both a DC-component and a transient component. It is
observed that at the maximum available pulse amplitude/frequency combination
of 300 mJ energy and 100 ms pulses the response remains relatively stable for some
time. Figure 5.21 shows the response of the water signal over time when this
pulse setting is applied repetitively for 15 min periods, interrupted by 15 min of no
pulsing.

Before the pulsing regime starts, the reaction rate is so low that the water signal
is equal to the background. As soon as the pulses are being applied, the reaction
rate immediately jumps to a very high value. After the initial jump in activity, a
transient response is observed, temporarily increasing the reaction rate. After 15 min
the pulses are stopped and the water signal quickly drops back to the background
level. In the succesive periods of applying temperature pulsing similar behavior is
observed. However, the amplitude of the jump in reaction rate decreases over time.
Interestingly, the amount by which the amplitude decreases depends on how long
the non-pulsed regime is applied between the pulsing periods. For larger ’resting
period’ between pulse blocks, the amplitude of the jump in reaction rate does not
decrease as quickly.

Figure 5.22 shows the same experiment with 30 min of pulsing followed by
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Figure 5.21: Triggering high activity surface for 15 min repetitively.

30 min of not pulsing. During the period at which the pulses are applied, the
average reaction rate is high, but the reaction rate changes slowly over time. This
change indicates a slow change in surface conditions is taking place. Note that
when the pulsing period stops, the water concentration quickly drops below the
background signal. However, after approximately 25 min a small spike can be seen
which is actually the peak of a small amplitude spontaneous oscillation returning to
the system. Applying temperature pulses at this point is very effective as evident
from figure 5.22.

Summarizing, applying blocks of temperature pulses to the oscillatory H2 oxida-
tion system results in the following effects:

• A very large increase in average activity directly upon application of the
temperature pulses.

• A reaction rate which changes slowly over time, indicating a slow change in
surface conditions.

• Temporary suppression of spontaneous oscillation, which slowly recovers
during non-pulsing conditions.

It is important to note that on timescales of several hours the slow processes taking
place on the platinum surface dominate the reaction rate. This dominance of slow
effects and the difficulty in reproducing the exact same surface conditions between
experiments complicates the quantitave analysis of the H2 oxidation system. In
the current setup no techniques are available which can directly probe the surface
conditions. To make a quantitave analysis of the reaction rate a better understanding
of the exact phenomena taking place at the surface is needed. Using surface spec-
troscopic techniques, the effect of temperature pulsing on the surface structure and
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Figure 5.22: One 30 minute pulse block in the hydrogen oxidation reaction.

surface oxidation may be investigated more closely in future research. In this work,
a unique relation between temperature pulses, surface conditions and reaction rate
could not be established.

5.4 Discussion of results

The effect of fast temperature pulses is clearly detectable in all three reaction systems.
The primary objective of pulsed activation is fast and accurate control of reaction
rates. For suitable base regime conditions this goal was achieved in the CO oxidation
and the ethylene hydrogenation reactions. In the hydrogen oxidation reaction
significant transients or even oscillations were observed making direct rate control
more difficult. In this section, some observations and questions common to all three
systems are discussed.

5.4.1 Highest energy pulses most effective

For all three reactions, within the range of pulse energies and operating conditions
explored, higher energy pulses always have a larger effect on the reaction rate.
Only at pulse energies of approximately 200 mJ, the influence of the pulses on the
reaction rate becomes clearly visible. The observed rate increase is clearly non-linear
with pulse energy, being strongest for high pulse energy. The maximum effect of
temperature pulsing occurs at the limit of 300 mJ temperature pulses, which is set
for reasons of wafer durability.

In simulations of the pulsed activation concept (chapter 3) higher pulsed temper-
ature gives better results. All the elementary steps are modeled using Arrhenius
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kinetics. At the time of switching to the pulsed regime the high temperature will
favor those reaction steps that have a high activation energy. All reaction rates will
increase but the rate of high activation energy steps is more sensitive to changes
in temperature. The higher the temperature pulses, the more dominant the high
activation energy steps will become. The experimental results are consistent with
the behavior in those simulations.

Note that in (quasi) steady state operation, or for slow pulses, an increase in pulse
temperature does not necessarily lead to an increase in overall rate of reaction. In
bimolecular catalytic reactions operated under steady state conditions it is typically
the case that the surface reaction rate peaks at a certain temperature as is shown
in figure 3.6. For example, in CO oxidation the rationale behind this is that at low
temperatures the surface is poisoned by CO, limiting the reaction rate. At high
temperatures the surface is nearly empty, again limiting the reaction rate [30].

If temperature pulses are applied which are slow as compared to the system
dynamics the transient effects around the moments of switching can be insignificant
as compared to the quasi steady state behavior. In QSS, the surface is nearly empty
during high temperature peaks. A further increase of the pulse energy would
no longer benefit the observed reaction rate. Figure 5.23 shows this effect for
the exact same bimolecular model used in section 3.5, but for a lower switching
frequency. Specifically, the figure shows the results for a symmetric pulse with
tbase = tpulse = 0.1 s.
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Figure 5.23: Simulation of temperature variation for the bimolecular reaction system
of chapter 3 with relatively long symmetrical pulses of tbase = tpulse = 0.1
s.

From figure 5.23 it can be seen that for slow pulses there is a maximum at the
same pulse temperature at which the steady state rate (see figure 3.6) shows a peak.

134



5.4 Discussion of results

For temperatures higher than 480 K the rate is lower due to the decreasing quasi
steady state rate. Only at a much higher temperature pulsing the rate increases again
due to transients associated with the switching. However, since the pulse frequency
is the time averaged rate never becomes larger than the peak at 480 K (even for much
higher temperatures than 1000 K).

The temperature dependence observed in the experiments of this chapter could
be explained by the truly transient phenomena in the pulsed activation concept.
However, it is also possible that a profile similar to that of figure 5.23 is observed
but that the pulse temperature is still to the left of the QSS peak.

5.4.2 Quasi steady state versus truly transient

The question whether truly transient processes or a quasi steady state behavior is
observed is important in understanding the surface processes. The temperature
pulses applied to the platinum are on the microseconds timescale whereas the surface
dynamics are expected to be in the order of nanoseconds for all three reactions based
on kinetic models found in literature. Such fast dynamics means the reactions should
be in quasi steady state during the experiments presented here. However, these
models were fitted using steady state data and there are no guarantees for accuracy
when they are used to explain microsecond timescale reaction dynamics.

To differentiate between transient and QSS behavior the same surface temperature
profile should be applied at different frequencies. That way, if there are only QSS
phenomena taking place the time averaged rate would be the same for all applied
frequencies. However, due to the design of the setup the pulselength is fixed. A
second option would be to take steady state data for the entire temperature range
included in the pulsed temperature profile and reconstruct a QSS profile from that
data. Unfortunately, due to the materials used for the reactor it can not be operated
in steady state at these high temperatures. Moreover, even if it were possible to
operate at these temperatures in steady state, the reaction would no longer be in the
low conversion regime such that the operating conditions would be uncomparable.

The following observations suggest at least some truly transient phenomena are
observed:

• In the CO oxidation experiment the relative rate increase θCO was approxi-
mately constant over the whole temperature range investigated. In simulation,
a basic model exposed to an ideal temperature pulse shows a quick decrease
in θCO with temperature. Also, in simulation the absolute value of the increase
is lower than the increase observed in reality. Furthermore, other researchers
have found non-QSS behavior for this reaction at frequencies no higher than
1 Hz. Therefore it is likely that microsecond pulses do result in truly transient
behavior.
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• In ethylene oxidation the yield per pulse decreases for increasing pulse fre-
quency. This is an indication that surface or gas phase conditions are different
for various pulse frequencies which suggests that some kind of non-QSS
phenomenon is taking place.

• In the hydrogen oxidation, reaction rates clearly vary over timescales much
larger than that of the pulses. Therefore, the reaction is never truly in steady
state, or even in quasi steady state.

Whether or not the observed behavior can be explained with QSS or not is
important for the fundamental understanding of surface and gas phase processes,
but the fast and accurate rate control that is the primary goal of pulsed activation
does not depend on it.

5.4.3 Total dutycycle of pulses

The temperature profile was designed to have almost returned to the base tem-
perature after a time of 100 µs. Resistance measurements have indicated that the
temperature profile qualitatively follows the simulated profile. The time during
which the temperature is significantly raised is less than these 100 µs. If the temper-
ature profile is approximated by an ideally switched profile switching at 50 % of the
peak temperature the pulse length is approximately 25 µs.

The highest pulse repetition rate used in the experiments presented in this chapter
is 20 Hz. Using the 25 µs approximation for the actual pulse length the dutycycle at
20 Hz is 0.05 %. Therefore, the temperature is nearer to the base temperature than
the peak temperature at least 99.95 % of the time in these experiments.

For CO conversion, the effect of the temperature pulses on CO2 formation is
approximately a factor of four as compared to the rate in steady state. If it is
assumed that the CO2 is actually formed during the time that the temperature
is high, the average reaction rate during the temperature pulse is approximately
8000 times as high as the rate in steady state. In ethylene hydrogenation the rate
is increased by a factor of 5 with a pulse frequency of 1 Hz which translates to a
reaction rate during the pulse of 50, 000 times the steady state rate. Short bursts of
high reaction rate are exactly what the pulsed activation concept aims to achieve.

However, in the setup that is used in this work, it is not possible to verify whether
the increase in CO2 formation occurs during the pulse itself, or whether the pulses
create more favorable surface conditions for the base temperature regime. Although
the approximately linear dependence of additional CO2 formation on the pulse
repetition rate is consistent with CO2 formation taking place only during the pulses
themselves, it can not be excluded with certainty that the base regime contributes to
the conversion.
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Furthermore, in the other two reactions there is definately behavior on a longer
timescale than that of the pulses themselves. In the ethylene hydrogenation the
reaction rates respond in a similar immediate manner as for the CO oxidation, but
there is a surface deactivation taking place on a much longer timescale. For H2

oxidation, the presence of significant slow spontaneous oscillations, as well as a slow
transient response during the application of temperature pulses further complicate
the analysis. Nevertheless, even in H2 oxidation an immediate effect can clearly be
observed on the reaction rate when the pulsing conditions are applied.

5.4.4 Gas phase versus surface effects

A possible concern in the experimental data presented is that the observed increase
in reaction rates might be attributed to gas phase reaction triggered by the high
temperature pulses rather than being a surface effect. To test whether gas phase
reactions may be the cause of the observed rate increase, it is desirable to deactivate
the surface completely while still applying temperature pulses. If gas phase reactions
are present, they will not be influenced by the surface deactivation. Deactivating the
surface may be done chemically by adding a species to the mixture which adsorbs
easily and does not desorb or engage in reaction. In the case of hydrogen oxidation
CO acts as a surface poison at ambient temperatures even at low partial pressures.
Therefore, the presence of gas phase reactions can be tested by adding a little CO
while the hydrogen reaction is running under pulsed conditions. When a small
amount of CO is added to the mixture under pulsed conditions the water signal
quickly drops back to the background level. Therefore, it is highly unlikely that
gas phase reactions are responsible for the observed phenomena in the hydrogen
oxidation reaction.

In ethylene hydrogenation, if the surface deactivation occured as described in
section 5.2, temperature pulsing no longer has any effect. Therefore, also for this
reaction it is unlikely that gas phase reactions play a role. In the CO oxidation
reaction, the deactivation was much less pronounced. At low base temperatures, the
reaction rate is low with or without pulses. Therefore, at those temperatures gas
phase reactions certainly do not play a role. At higher temperatures there was no
method available to deactivate the surface. Therefore, it was not possible to rule out
gas phase reactions completely although it seems unlikely that gas phase reactions
would play a role at temperatures where the surface reaction only just comes into
play.
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5.4.5 Control of the reaction rate

The objective of these experiments was to test whether it is possible to quickly
and accurately control the rate of catalytic reactions using temperature pulses. The
reaction systems behave differently when temperature pulses are applied.

• In the CO oxidation reaction the time averaged reaction rate varies over a factor
of four between applying the highest energy temperature pulses available and
not applying any temperature pulses at all. This factor is approximately con-
stant for each of the base temperatures in the low conversion range. Moreover,
the observed change in reaction rate is found immediately when the pulse
conditions are changed and remains constant over time. Therefore, for CO
oxidation temperature pulses can be used effectively to quickly control the rate
of reaction.

• For ethylene hydrogenation, the relative impact of applying temperature pulses
is even larger. A variation over a factor of ten to twenty is found between
maximum pulsing and no pulsing, depending on the base reactor temperature.
The increase is constant over time for this reaction as well. However, the amount
of rate increase per pulse is not constant when the frequency of pulsing is
varied.

• Similarly, in hydrogen oxidation the instantaneous reaction rate can be in-
creased approximately by a factor of four under non-oscillating reaction con-
ditions. Furthermore, for this reaction the reaction rate can vary by a factor
of ten without any change in operating conditions due to naturally occuring
oscillations. It has been shown that, when operated in the oscillatory regime,
high surface activity can be triggered by application of temperature pulses.

The ethylene hydrogenation reaction is most sensitive to temperature pulses such
that the rate of reaction can be controlled over a wide range using temperature pulses.
Even for the less sensitive reactions application of temperature pulses allows rate
control over a factor of four with respect to the base reaction rate. Therefore, it has
been shown that for all three reactions it is possible to quickly and accurately control
the reaction rate through pulsed activation. However, in the hydrogen oxidation
reaction dynamics were observed on a much slower timescale than that of the pulses,
the source of which is not quite understood. The presence of such slow dynamics
should be taken into account when attempting to control the rate of reaction through
pulsed activation.
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5.5 Conclusion

This chapter presented experimental results for pulsed activation applied to three
heterogeneous catalytic reactions over platinum. It was shown that for each of these
reactions the temperature pulses result in a significant time averaged rate increase
as compared to applying the same amount of average power to the platinum using a
DC source.

For all three reactions the highest amplitude and frequency of pulses available
results in the highest relative rate increase. Specifically, depending on the reaction
and base reaction conditions the reaction rates increased by a factor of three to
twenty at the highest amplitude and frequency of pulses. These significant rate
increases are realised by applying a high surface temperature for at most 0.05 % of
the time, as described in chapter 2.

In the CO oxidation and C2H4 hydrogenation reactions, applying temperature
pulses results in an immediate and constant change of time averaged conversion.
When the pulses are stopped the reaction rate drops back to the rate associated with
the base conditions immediately. Therefore, for these two reactions it is possible
to control the surface reaction rate both quickly and accurately by application of
surface temperature pulses, as described in chapters 2 and 3.

For H2 oxidation, it was found that there are surface processes which take place
on a timescale many orders of magnitude longer than that of the individual pulses.
Specifically, slow spontaneous oscillations were found which in literature are com-
monly attributed to a slow surface oxidation process. It was shown that temperature
pulses can be used to trigger high reactivity when the system is under oscillatory
conditions. Apart from the immediate increase of the reaction rate a much slower
but in the long term dominant effect is also taking place.

The most important conclusion of this chapter is that by application of a high
surface temperature for a very short time, it is indeed possible to influence the rate
significantly and reproducibly. These results were obtained using a first implemen-
tation of the pulsed temperature activation concept. The influence on the reaction
rates by the estimated 250 K pulses is already large. If the pulse amplitude can be
increased further in future designs, the production per pulse is expected to increase
rapidly.

Not all observations could be qualitatively explained, and there are plenty of op-
portunities for future study. Specifically, experiments in which the peak temperature
is higher or with variable pulse length can give more insight into the surface and
gas phase processes.
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"I don’t see much sense in that," said Rabbit. "No,"
said Pooh humbly, "there isn’t. But there was going to
be when I began it. It’s just that something happened
to it along the way."

Winnie the Pooh

6
Perspectives on pulsed activation

In this chapter, the results from the previous chapters are put into a broader perspec-
tive by discussing the implications and comparing to studies from literature. Finally,
a discussion on challenges and opportunities ends the thesis.

6.1 Context of the presented results

In the previous chapters a wide range of topics were discussed from a multidisci-
plinary perspective. Though it is attempted to follow a clear path the broadness of
the pulsed activation concept may make it difficult to extract the main points. There-
fore, this section explicitly discusses the main contributions of the work including
strengths and limitations of the obtained results.

6.1.1 Main contributions by this study

The following items can be viewed as the three main contributions of the work
presented in this thesis:

• Pulsed activation is introduced as a novel and flexible concept for operating
chemical reactions. The main driver behind the development of the concept is
the desire to have fast and accurate control of the chemical reactions taking
place within a reactor. It was also shown that pulsed activation has a number
of other advantages (fundamental rate/selectivity increase, inherent safety,
additional operating regimes, influencing polymer weight distribution) which
may be exploited in specific applications.

• Using an idealized simulation of pulsed activation for basic catalytic reactions
it is shown how pulsed activation may work in several basic catalytic reaction
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prototypes. Pulsed activation gives results which are not feasible under possi-
ble under steady state operation. Specifically, time averaged production per
catalytic site was shown to improve two orders of magnitude for a prototype
dimerization reaction, bimolecular reaction and bimolecular reaction with an
undesireable subsequent step. In contrast with results from literature these
improvements have been demonstrated using pre-exponential constants and
activation energies in realistic ranges.

• A setup was developed to create temperature pulses on microsecond timescale
in a layer of platinum catalyst. The estimated 250 K pulses have been applied
to the CO oxidation, hydrogen oxidation and ethylene hydrogenation reactions
in which it is shown that it is indeed possible to obtain fast and accurate control
over the rate of reaction. Furthermore, it was shown that applying of energy in
a pulsed manner influences the reaction rates much more than applying the
same amount of energy spread out over time.

Since this is an initial study into the pulsed activation concept the main focus
of this work is to introduce the concept of pulsed activation and to investigate
how it can impact catalytic reaction systems in simulation as well as in experiment.
Therefore, these are exactly the contributions made in this thesis.

6.1.2 Main limitations of the results

The results of applying pulsed activation are complex and can vary a lot between
different reactions as well as the specific reactor that is being used. Therefore, this
work is by definition incomplete and should be considered an initial exploration of
pulsed activation rather than an exhaustive study of it. The approach chosen is to
gain understanding of what happens when pulsed activation is applied to reactions.
To get elementary insight into how pulsed activation works both the simulation and
the experimental work were limited to as general and idealized reactions as possible.
Therefore, part of the complexity of actual industrial reactions fell out of the scope
for this study. This, as well as other limitations on the results should be considered
and are made explicit in this section.

Dependence on kinetic parameters

The results from the simulation studies depend on the kinetic parameters used as
well as the structure of the reaction. Obviously, in the simulation study there was
freedom to choose the parameters in such a way that pulsed activation make a clear
improvement over the optimal steady state reaction rate. If however the reaction and
the catalyst are given the kinetic parameters are determined by nature. Whether or
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not it is still possible to achieve fundamentally higher time averaged reaction rates
through pulsed activation needs to be investigated for each reaction seperately. The
concept of pulsed activation relies on the temperature pulses triggering a desired
elementary step of the reaction as shown in each of the simulation cases. If the
desired step has a higher activation energy than competing and/or reverse steps its
rate is influenced most by the temperature rise during the pulsed regime. In the
simulation studies the crucial desired step had the highest activation energy.

However, just having the right balance between activation energies is not enough
for pulsed activation to show a rate increase over the optimal steady state. The
absolute rate of reaction under steady state operation is also important. In the pulsed
activation concept each pulse creates a certain amount of product molecules. The
maximum possible amount of molecules created depends on the type of reaction
and the surface coverage, but it can never be more than one molecule per site per
pulse. Therefore, the maximum possible product molecules formed using pulsed
activation is equal to the amount of pulses per second times the amount of catalytic
sites. If a reaction already has a high turnover number in steady state operation it is
unlikely that pulsed activation can improve its rate. For many reactions the turnover
number is in the range of 10−2 to 101 [32], which is low enough for pulsed activation
to potentially increase the time averaged rate of reaction.

Even if no fundamental rate improvement is possible, fast and accurate control of
reaction rate (the main goal of pulsed activation) may still be achieved. Therefore,
pulsed activation can still be used in these reaction complexes. For instance, in a
reaction that has potential for temperature runaway pulsed activation can be used to
control the reaction rate in an inherently safe manner even though the rate per site
is lower than in the optimal steady state.

Instantaneous temperature switching

In the pulsed activation concept the temperature is switched as fast as possible
between the base regime temperature and the pulsed regime temperature. For the
simulations, ideal temperature switching was used to go from one regime to another.
However, since in practice a catalyst has thermal inertia, instaneous switching of
temperature can never be realized. Therefore, rather than instantaneous temperature
switching the catalyst experiences a temperature gradient over time.

The setup designed for this work was designed to have as high a temperature
gradient as possible. From the best estimate of the temperature pulse shape, the strip
heats up by approximately 250 K in approximately 20 µs which gives an average
gradient of 12.5 MK/s. Whether or not this is fast enough, in the sense that raising
the temperature faster would not give a significantly different result on conversion,
could not be established with the current setup.
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If the gradient is not ’fast enough’, significant reaction/desorption is taking place
already during the time the temperature is being increased. In the extreme case,
the temperature gradient is so slow as compared to the time needed for the surface
processes to approach the new equilibrium that the reaction can be considered to be
taking place under quasi steady state (QSS). Although there are indications given in
the previous chapter that the reactions are actually not in quasi steady state it could
not be decisively proven.

It should be noted that even though reaction rate improvement in quasi steady
state is considered trivial in terms of periodic temperature operation, it still means
that the pulses can be used to quickly and accurately control the rate of the reaction.
Therefore, although the question whether or not the surface is under QSS conditions
is of great value to understand what exactly is taking place at the surface, it is not
critical for the main goal of pulsed activation.

Limited operating regime available

The experiments all show that the highest amplitude pulses have the most influence
on the reaction rate. However, the maximum pulse amplitude is limited by the
physical integrity of the platinum strip. Although the electronics are capable of
delivering 750 mJ pulses, the platinum strip can only be driven reliably up to 300 mJ.
Assuming the temperature estimates from the platinum resistance are correct, the
300 mJ pulses correspond to a temperature increase of 250 K. If the temperature
keeps going up linearly with the pulse energy, 750 mJ would represent a temperature
increase of over 600 K.

From the measurements, it is clear that the high temperature pulses are the
most effective. Because of the Arrhenius temperature dependence of the elementary
reaction steps, the absolute change in reaction rate keeps increasing as an exponential
function of temperature. Therefore, it would be valuable to further increase the
temperature of the pulses. The 250 K pulses the setup can currently produce are
enough to see a significant effect on the reaction rate but higher amplitude pulses
which are just out of reach now appear even more promising.

6.2 Relation to results from literature

Although the pulsed activation concept itself is new there are some studies available
in literature which share part of the philosophy behind pulsed activation. Firstly,
in 1984 Sadle and Kostin [121] discussed the application of fast (5 µs) temperature
pulses to the ammonia synthesis reaction in a very short paper. They showed that, in
theory, raising the temperature of a catalytic surface from 300 K to 1200 K for 5 µs
once every 5 s results in roughly the same conversion as keeping the temperature
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constant at 700 K. Whether this outperforms the quasi steady state (QSS) is not
discussed. Moreover, the primary motivation behind the work was to save energy,
which is tricky to justify for a highly exothermic reaction. The paper failed to attact
the attention of the scientific community and the researchers did not revisit the topic.

6.2.1 Periodic control

Since the landmark paper from Horn and Lin [25], many studies have been conducted
in this field. Although theoretically the optimal periodic control problem (OPC) is
well defined (see section 3.1), experimental studies do not show the same uniformity.
For example, there are different names by which this technique is identified. Different
studies can be found under the following terms: periodic control/operation, non-
steady operation, (forced) unsteady state operation (FUSO), forced cycling. For
convenience, the term periodic control is used here, though it can apply to any of
these studies. On top of these already existing terms a new term is introduced in this
work: pulsed activation. A new term is used since in the pulsed activation concept
the variables are limited to a very specific subset of the periodic control domain.

In principle, pulsed activation can be applied to any reaction parameter but the
scope for this work was limited to pulsing of temperature in heterogeneous catalytic
reactions. By far, most prior experimental studies in periodic control use pressure
or concentration as the main periodic input variable. Although it is acknowledged
that the nonlinear relation in the Arrhenius is stronger than the typical pressure
dependence, it is often considered impractical to implement temperature cycling due
to thermal inertia [47]. Those studies that do use temperature activation are typically
much slower and fail to find significant difference from the steady state operation.

In more recent years, several groups have investigated fast thermal cycling. Specif-
ically, Rouge and coworkers [122], Brandner and coworkers [64, 94, 95] and Jensen
and coworkers [65] have published results on temperature cycling in the order of
101 − 102 K at frequencies in the order of 10−1 − 100 Hz by using microstructured
reactor designs. Sotowa and coworkers [67] achieved temperature cycling with an
amplitude in the order of 102 − 103 K with a period in the order of 100 Hz by using
a free floating heated wire. Though in each of these studies the frequencies used
are much higher than those of bulk studies undertaken earlier there are still several
orders of magnitude between the frequencies used in their work and the frequency
involved in pulsed activation. Furthermore, the temperature profiles are always
symetrical, often even sinusoidal, whereas pulsed activation critically depends on
short but intense peaks of temperature.
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6.2.2 Microwave assisted catalysis

In the late 1980t’s, the first papers appeared discussing the application of microwaves
to chemical systems [123, 124]. Since then microwave devices have matured, making
the technology more accessible and the results more reproducible. It has been well
established that microwave heating can have a beneficial effect on reaction rates
and/or selectivities as compared to conventional heating [125], as well as secondary
applications such as catalyst preparation and characterisation [126]. There are two
different thermal explanations for the observed differences between microwave
heating and conventional heating methods.

1. The microwave heat input is released throughout the reactor volume rather
than spreading in through from reactor walls. Because the energy is released
everywhere the temperature profile can be expected to be more flat [127]. For
as far as there is a temperature gradient, the temperature is highest in the
center and lowest at the walls rather than the other way around.

2. Not all materials in the reactor are equally susceptible to microwaves, leading
to the creation of mesoscopic hot-spots. These hot-spots can be up to 200 K
warmer than their immediate surroundings [128]. The fact that it is difficult
to apply a homogeneous microwave field further enhances localized thermal
gradients.

Interestingly, the two ways in which energy input from microwaves differs from
conventional heating act in opposing directions. On a macroscopic scale the heat
input is more even, but on a smaller scale the energy distribution can be much more
uneven than in the case of conventional heating. This conceptual difference can lead
to confusion as it is often unclear which of the two phenomena is responsible for
the results in a microwave chemistry study. Many authors appear to be unaware of
the difference and just claim general ’microwave effects’. Therefore, it is important
to carefully inspect the geometry and microwave profiles (both in time and space),
as well as the method of measuring and comparing temperature used in individual
studies [129]. The most significant differences as compared to conventional heating
are likely caused by temperature hot-spots giving locally much higher reaction rates
[130].

To explain the sometimes spectacular improvements in reaction speed/selectivity,
some authors suspect the microwaves influence the reactions in other ways than just
by creating a different temperature profile in the reactor [131, 132]. Such ’specific’ or
’non-thermal’ effects can be split in two seperate categories:

1. Direct: The microwaves directly influence the molecules involved in the reac-
tion in some way. For example, it has been hypothesised that molecules align
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with the microwaves to make collisions more efficient, or even that microwaves
trigger reactions directly. Currently, there is a large body of evidence suggest-
ing these effects do not exist [133, 134, 129] but direct effects have not been
completely disproven and the debate continues.

2. Indirect: Microwaves have been reported to give localized electronic discharges
and form a plasma near the catalyst. A plasma can certainly invoke chemistry,
and plasma chemistry is a field of its own. A plasma can give similar results
even without the presence of a conventional catalyst (see eg [135]). Therefore,
in the presence of a plasma it can be difficult to separate the catalytic effects
from the effects of the plasma. In most microwave studies, plasmas are avoided.

Most researchers currently believe all observed phenomena from the application of
microwaves can be attributed completely to thermal effects, specifically by running
a reaction at higher temperatures locally. Since microwaves have proven to greatly
enhance the rate/selectivity in many reactions it has become an accepted technology,
especially in organic synthesis [136, 137]. When applied to heterogeneous catalysis
[35, 138], microwave assisted chemistry certainly has similarities to the pulsed
activation concept. There is one group in particular that approaches microwave
chemistry with a philosophy similar to that of pulsed activation.

Results by Wan and coworkers

In the early 1990s, the group of Wan and coworkers at Queens University in Canada
worked on the application of bursts of microwave energy to catalytic systems
[139, 140, 141, 34, 142]. To realize this they used catalytic particles (metal) which are
sensitive to microwave radiation. They developed a reaction concept named "‘mi-
crowave catalysis"’, which shows similarities to pulsed activation. For instance, Wan
mentions that "‘In an ideal situation, one would have an instant, transient high temperature
to provide the energy for chemical activation and immediately after the primary reaction
(which usually is less than a microsecond) the temperature is cooled off below the activation
barrier to minimize any secondary reactions leading to undesirable products."’ Furthermore,
they also mention the possibility of controlling the rate of reaction/selectivity by
shaping the energy pulses [34, 142].

Experimentally, Wan and coworkers used a variable power (up to 3 kW) microwave
source which applies bursts of energy at a fixed frequency of 120 Hz. To reach the
desired temperature at the catalyst a train of microwave pulses is applied. After
the pulse train, pulsing is suspended and the catalyst cools down by releasing its
thermal energy to the cooler environment. The application of microwaves has the
advantage that it can be used to directly apply the energy to catalytic nanoparticles
but it has the disadvantage that it does not scale very well as large microwave sources
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are expensive. Wan investigated multiple reactions, focussing mainly at yield and
selectivity of methane activation and producing hydrocarbons from CO2 and water.

In later work by the same group [143, 144], an RF source at 40 MHz with a peak
power of 2.5 kW is used besides the microwave source at 2.45 GHz. The RF source
applies pulses between 1− 20 ms and results in slightly increased conversion as
compared with the microwave source. Wan partly attributes the high conversion
and selectivity to electric discharge at the surface on top of the selective dielectric
heating by the microwaves.

Similar to the results obtained in this work, the group of Wan consistently finds
the best results for the highest available pulse amplitudes. The maximum microwave
power is 3 kW. In comparison, the instantaneous power during the pulses in the
experimental setup used in this work is more than 15 kW for the 300 mJ pulses.
Scaling up to higher pulse powers should be easier to do with electrical pulses than
with microwave pulses.

6.2.3 A different way of thinking

Although there are clearly similarities with previous work there are also clear
differences. The most important difference is the way of thinking behind the pulsed
activation method. In conventional operation of chemical reactions, the approach
is to bring the reactants together under favorable conditions (often in the presence
of a catalyst), and allow them to react and form products. Adsorption, reaction,
desorption, as well as transport of energy and molecular species through the reactor
are all occuring simultaneously. Whether a reaction can be operated depends on
whether a set of conditions can be found under which all of the required steps can
take place.

In the pulsed activation concept the reasoning is different. The operation of a
reaction is split into two separate regimes each of which can be optimized for a
specific subset of the physical and chemical processes involved in a reaction. The
requirements on the catalyst becomes different. It is no longer needed to have
adsorption, reaction and desorption all taking place under the same conditions. It is
perfectly possible that the best catalyst for pulsed activation does not work at all for
steady state operation and vice versa.

Another property of pulsed activation is that it inherently uses the transients
involved in switching between different regimes. If the temperature switch is fast
enough, combinations of surface species and temperature will exist that can never
be found in steady state operation. Optimizing such a pulsed activation system is
about creating base regime conditions which optimize the surface concentrations
at the start of the pulse, as well as optimizing the pulse amplitude and duration
itself. These are completely different parameters than those which are considered in
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traditional operation.
For these reasons, developing and operating a reaction with pulsed activation

requires a different mindset, that is not found in literature yet. As discussed in
chapter 3, the available studies into bang-bang temperature control of catalytic
reactions simply do not explore the area of short but intense temperature pulses. The
thinking behind pulsed activation is to exploit the non-linearites inherent to chemical
systems to gain more accurate control of the reactions taking place. Pulsed activation
as presented in this thesis is one very specific way to exploit the temperature non-
linearities by repeated application of a high and low temperature regime. The holy
grail of process control would be to have complete control over the molecules, and
only selectively trigger desired reactions with exactly the right amount of energy
[21]. Pulsed activation is a small step in that direction by separating the physical-
from the chemical processes.

6.3 The way forward: follow-up research

This work introduces pulsed activation and provides proof of principle for the
concept. Although the initial results are promising there is still some way to go
before pulsed activation or anything like it is commonplace in academia and/or
industry. This section aims to discuss the main challenges that need to be faced to
achieve adoption of the pulsed activation concept.

6.3.1 Finding appropriate reactions

The main goal behind the pulsed activation concept is to gain better control over
reaction rates and pathways. The systems that have been investigated in this work,
both in simulation and in the experimental part, have relatively low complexity.
Doing so makes a fundamental discussion of the properties of the pulsed activation
concept possible. However, these reactions are not by themselves interesting to
operate on an industrial scale. Although in principle pulsed activation can be
applied to any reaction, it is not expected pulsed activation works equally beneficial
in all reactions. Therefore, it is of importance to find those chemical systems for
which the pulsed activation concept adds most value.

In terms of rate control, pulsed activation can contribute in the following ways:

1. For reactions which are slow under conventional operation pulsed activation
might be used to increase the reaction speed. For instance, in the reaction
systems as discussed in chapter 3 pulsed activation could increase the rate of
reaction by two orders of magnitude as compared to the maximum possible
under conventional operation.
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2. If a reaction is highly exothermic conventional operation can lead to runaway
reaction. Pulsed activation could be used to keep the reation rate under control.
In pulsed activation as presented in this work (temperature pulsing), the
base regime has such low temperature conditions that the reaction cannot be
sustained. When the temperature is temporarily raised, the surroundings of
the catalyst are cool and the chemical reaction can easily be quenched.

3. The ability to instantly switch the rate of reactions may give increased flexibility
in reactors which are being used to do produce different types of product,
or different grades of the same product. The new product may be on spec
faster such that time and material lost due to switching between products
is minimized. For reactors which are taken in and out of service very often
similar time and material savings could potentially be realized.

For more complex reaction systems the formation of undesirable side products
is a common problem. The selectivity towards the desired product under pulsed
activation may be completely different from that under conventional operation.
In chapter 3 a basic selectivity problem of a consecutive reaction was introduced.
For that reaction, the kinetics were such that the selectivity under conventional
operation was very high at higher temperature although the rate of reaction was low.
Pulsed activation could only slightly increase the already high selectivity, but more
importantly it significantly increases the rate of reaction while maintaining the high
selectivity. In this way, the relation between conversion, selectivity and temperature
is influenced in a positive way.

Many industrially relevant reaction systems have the property that the desired
product can take part in subsequent reactions. These reactions typically have a trade
off between conversion and selectivity towards the desired product. How pulsed
activation influences this trade off in real chemical reaction systems should be the
topic of future research. Note that any large increase in reaction rate, selectivity or
combination of these parameters is only possible if they have a relatively poor value
to begin with. Pulsed activation may give the best results for those reactions which
run poorly under conventional operation. As stated in the previous section, another
intriguing potential application for pulsed activation are reactions which can not
be operated economically at all under steady state operation. They may require
a completely different catalyst, run under totally different pressures and at room
temperature in the base regime. Finding such a reaction would mean that pulsed
activation is not merely a tool to be applied to existing catalytic reactions to improve
operation, but truly opens doors to new industrial applications.
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Energy requirement considerations

One of the intriguing results of pulsed activation is that it might be used to drive
reactions in an energy efficient manner. In chapter 5 the conversion was investigated
with both pulsed activation and conventional heating while keeping the total amount
of energy supplied to the reactor the same. It was clear that for pulsed activation the
conversion per amount of energy put into the reactor could be significantly higher
than for the conventional heating case. It should be noted that the energy balance of
any reactor has multiple contributions:

• Thermal energy is being brought into the system through an external supply
of heat. In the proof of principle reactor developed in this work there were two
types of energy input from external sources. There is a heating element which
heats the entire reactor, and then there is the platinum strip which could be
heated locally, with a DC supply and/or by applying a pulsed current.

• The reactor loses heat to its surroundings because it is not isolated perfectly.
For a microreactor setup like the one in this work there is a large interface with
the surroundings as compared to the reactor volume. Therefore, a significant
amount of thermal energy is lost continuously.

• The chemical reaction itself produces or absorbs heat. Each of the reactions
investigated in this work is exothermic and therefore produces heat. However,
due to the small catalytic surface area and the small amount of molecules
reacting, this source of heat is not significant in the proof of principle reactor.

For reactions taking place in a typical industrial reactor the balance between the
contributions is completely different. The reactor volumes are much larger such
that the heat provided by the chemical reaction becomes an important factor. For a
significantly exothermic reaction the energy supplied by the reaction itself is typically
more than enough to maintain the reactor at reaction temperature and forced cooling
is required to increase the energy losses to the surroundings and prevent thermal
runaway. In such a reactor no external supply of energy is needed and therefore
there can be no saving of externally supplied energy by pulsed action. Note that this
reasoning only applies to the direct thermal energy balance of the reactor. Pulsed
activation could still provide an indirect saving of energy such as reducing energy
required for forced cooling. Another example can be improving selectivity such that
less energy is needed to separate the reaction products and less reactants need to be
produced.

Note also that for endothermic reactions, the story is completely different. Many
of the reactions for which the microwave assisted chemistry produces good results
are endothermic [34, 128, 145], or at least have a very high activation barrier. Since
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endothermic reactions actually absorb heat, efficient application of energy at the
place of reaction gives higher local temperature at the same input of overal heat
leading to lower overal losses to the surroundings. However, the exact geometry of
the reactor remains a crucial factor.

As discussed in the previous section, pulsed activation and microwave assisted
chemistry share the characteristic of locally high temperatures. Microwave chemistry
benefits from the localized hotspots around catalytically active particles and the
thermal gradients existing within the reactor. It is likely that in those reaction
complexes for which the application of microwaves has a strong influence on the
reaction rate/selectivity the pulsed activation concept also can be applied beneficially.
For example, methane activation as investigated by Wan and coworkers could be
a good candidate reaction to investigate, especially if the peak temperature of the
pulses can be increased further.

6.3.2 Intensifying the energy pulses

The maximum temperature in the current setup is determined by physical breakage
of the catalytic strip on the wafer, not by electrical limitations. At the time this setup
was designed, it was unknown whether the strip would survive any significant
temperature increase. In the end, the realized temperature increase of approximately
250 K turned out to be enough to trigger significant chemical reaction. However,
the most significant results were obtained at the maximum available pulse energy.
Unfortunately, it could not be determined what the primary cause of the wafer
breakage is. Therefore, more investigation is needed to see how the geometry could
be changed to survive higher temperature pulsing. A key property of the pulsed
activation reactor is that the temperature returns to the base temperature well before
the next pulse is applied. Therefore, it is not possible to stack the thermal energy of
multiple pulses to reach high surface temperatures as the group of Wan did in their
microwave assisted reactors. Since in the current design the base regime temperature
can not be increased to high values due to the materials used in the reactor seal, the
pulsed regime cannot reach the estimated 1400 ◦C the group of Wan reached at their
catalytic sites [139]. Therefore, methane activation could not be investigated in the
current setup.

Apart from the purely temperature based pulsed activation that is pursued in the
current reactor design, application of energy by other means could also be considered.
For instance, the application of a plasma can be used to create a local high energy
density required for the pulsed regime. Due to the energy requirements to generate
a plasma, they are commonly created in a pulsed manner which aligns perfectly with
the pulsed activation concept. For instance, pulsed plasmas have succesfully been
used to create gas phase oxygen radicals to clean undesired species from gas flows
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6.3 The way forward: follow-up research

[146, 147]. However, the energy densities are so high that plasmas effectively destroy
molecules and tight control of the energy distribution within a plasma is critical
for this application. The free radical, typically non-catalytic, chemistry triggered
by plasma is outside the scope of this work. Nevertheless, pulsed plasmas can
potentially be a powerful way to efficiently implement the pulsed regime in future
pulsed activation applications.

6.3.3 Applicability as a research tool

Although pulsed activation is being introduced as a form of process intensification,
industrial use is not the only potential application. It may be helpful as a method to
investigate surface processes. Non-steady state techniques such as step switching
input flows [148], temporal analysis of products [149], temperature programming
[150], as well as impulse response and frequency analysis [151] are powerful methods
to investigate reaction kinetics and mechanisms. In pulsed activation the temperature
variation at the catalyst is several orders of magnitude faster and of higher amplitude
than what has been possible before. Therefore, pulsed activation may help to
investigate surface processes at smaller timescale than were available up to now.

As a research tool, it may also be used to study reactions such as those investigated
in microwave assisted chemistry research. An advantage of pulsed activation over
the application of microwaves is that the temperature profile at the catalyst is better
defined. Within the platinum strip, hardly any temperature gradient can exist. In
microwave assisted chemistry it is more difficult to obtain a completely homogeneous
distribution of microwave power. The well defined temperature profile combined
with the high repeatability of pulsed activation experiments may supplement and
possibly even improve on the results obtained in microwave catalytic experiments.
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[106] G. Somorjai et al., Active Sites in Heterogeneous Catalysis: Development of Molecu-
lar Concepts and Future Challenges, Topics in Catalysis 18 (2002) 157-166.

[107] R. Deng et al., Formation and hydrogenation of ethylidene on the Pt(111) surface,
Surface Science 560 (2004) L195 - L201.

[108] T. Ohtani et al., In-Situ Observation of Hydrogenation of Ethylene on a Pt (111)
Surface under Atmospheric Pressure by Infrared Reflection Absorption Spectroscopy, The
Journal of Physical Chemistry B 103 (1999) 4562–4565.

[109] F. Zaera and G.A. Somorjai, Hydrogenation of ethylene over platinum (111) single-
crystal surfaces, Journal of the American Chemical Society 106 (1984) 2288-2293.

[110] P.S. Cremer and G.A. Somorjai, Surface science and catalysis of ethylene hydrogena-
tion, J. Chem. Soc., Faraday Trans. 91 (1995) 3671-3677.

[111] R.D. Cortright et al., Kinetic study of ethylene hydrogenation, Journal of Catalysis
127 (1991) 342 - 353.

[112] J.E. Rekoske et al., Microkinetic analysis of diverse experimental data for ethylene
hydrogenation on platinum, The Journal of Physical Chemistry 96 (1992) 1880-1888.

160



REFERENCES

[113] M. Salciccioli et al., Microkinetic Modeling and Reduced Rate Expressions of Ethylene
Hydrogenation and Ethane Hydrogenolysis on Platinum, Industrial & Engineering
Chemistry Research 50 (2011) 28-40.

[114] A. Michaelides and P. Hu, Catalytic water formation on platinum: a first-principles
study, Journal of the American Chemical Society 123 (2001) 4235–4242.

[115] M. Nagasaka et al., Water formation reaction on Pt(111): Near edge x-ray absorption
fine structure experiments and kinetic Monte Carlo simulations, Journal of Chemical
Physics 119 (2003) 9233-9241.

[116] L.K. Verheij et al., Autocatalytic behavior and role of oxygen diffusion in the hydrogen-
oxygen reaction on Pt(111), Surface Science 272 (1992) 276 - 282.

[117] L.K. Verheij and M.B. Hugenschmidt, On the mechanism of the hydrogen-oxygen
reaction on Pt(111), Surface Science 416 (1998) 37 - 58.

[118] L.K. Verheij and M.B. Hugenschmidt, Hydrogen adsorption on oxygen covered Pt
(111), Surface Science 324 (1995) 185–201.

[119] V. Zhdanov, Kinetic model of the hydrogen-oxygen reaction on platinum: bistability,
chemical waves and oscillations, Surface Science 296 (1993) 261–273.

[120] B.C. Sales et al., Oscillatory oxidation of CO over Pt, Pd and Ir catalysts: theory,
Surface Science 114 (1982) 381–394.

[121] E.S. Sadle and M.D. Kostin, Increased production rate of ammonia by pulsed heating,
Chemical Engineering Communications 26 (1984) 265-268.

[122] A. Rouge et al., Microchannel reactors for fast periodic operation: the catalytic
dehydration of isopropanol, Chemical Engineering Science 56 (2001) 1419 - 1427.

[123] R. Gedye et al., The use of microwave ovens for rapid organic synthesis, Tetrahedron
letters 27 (1986) 279–282.

[124] R. Giguere et al., Application of commercial microwave ovens to organic synthesis.,
Tetrahedron letters 27 (1986) 4945–4948.

[125] D. Mingos and D. Baghurst, Tilden Lecture. Applications of microwave dielectric
heating effects to synthetic problems in chemistry, Chem. Soc. Rev. 20 (1991) 1–47.

[126] G. Bond et al., Recent applications of microwave heating in catalysis, Catalysis
today 17 (1993) 427–437.

[127] W. Perry et al., Microwave heating of endothermic catalytic reactions: reforming of
methanol, AIChE journal 48 (2002) 820–831.

[128] X. Zhang and D. Hayward, Applications of microwave dielectric heating in environ-
ment related heterogeneous gas-phase catalytic systems, Inorganica chimica acta 359
(2006) 3421–3433.

[129] M. Herrero et al., Nonthermal microwave effects revisited: on the importance of
internal temperature monitoring and agitation in microwave chemistry, The Journal of
organic chemistry 73 (2008) 36–47.

[130] X. Zhang et al., Effects of microwave dielectric heating on heterogeneous catalysis,
Catalysis letters 88 (2003) 33–38.

161



REFERENCES

[131] A. de la Hoz et al., Microwaves in organic synthesis. Thermal and non-thermal
microwave effects, Chem. Soc. Rev. 34 (2005) 164–178.

[132] W. Conner and G. Tompsett, How could and do microwaves influence chemistry at
interfaces?, The Journal of Physical Chemistry B 112 (2008) 2110–2118.

[133] D. Stuerga, Microwave athermal effects in chemistry: a myth’s autopsy- Part I: his-
torical background and fundamentals of wave-matter interaction, Journal of microwave
power and electromagnetic energy 31 (1996) 87–100.

[134] D. Stuerga, Microwave athermal effects in chemistry: a myth’s autopsy- Part II:
orienting effects and thermodynamic consequences of electric field, Journal of microwave
power and electromagnetic energy 31 (1996) 101–113.

[135] S. Kado et al., Direct conversion of methane to acetylene or syngas at room tempera-
ture using non-equilibrium pulsed discharge, Fuel 82 (2003) 1377–1385.

[136] C.O. Kappe, Controlled Microwave Heating in Modern Organic Synthesis, Ange-
wandte Chemie International Edition 43 (2004) 6250–6284.

[137] C. Kappe and D. Dallinger, Controlled microwave heating in modern organic
synthesis: highlights from the 2004–2008 literature, Molecular diversity 13 (2009)
71–193.

[138] T. Durka et al., Microwaves in Heterogeneous Gas-Phase Catalysis: Experimental and
Numerical Approaches, Chemical Engineering & Technology 32 (2009) 1301–1312.

[139] J.K.S. Wan et al., High-power pulsed microwave catalytic processes: decomposition of
methane, Journal of Microwave Power and Electromagnetic Energy 25 (1990) 32-38.

[140] G. Bamwenda et al., Production of acetylene by a microwave catalytic reaction of
water and carbon, Research on chemical intermediates 17 (1992) 243–262.

[141] M. Tse et al., Applications of high power micro wave catalysis in chemistry, Research
on Chemical Intermediates 13 (1990) 221–236.

[142] M.T. Radoiu et al., Catalytic conversion of methane to acetylene induced by mi-
crowave irradiation, Applied Catalysis B: Environmental 43 (2003) 187 - 193.

[143] M. Ioffe et al., High-Power Pulsed Radio-frequency and Microwave Catalytic Pro-
cesses: Selective Production of Acetylene from the Reaction of Methane over Carbon,
Journal of Catalysis 151 (1995) 349 - 355.

[144] J. Wan et al., Highly effective methane conversion to aromatic hydrocarbons by means
of microwave and RF-induced catalysis, Research on Chemical Intermediates 26 (2000)
599–619.

[145] M. Bhattacharya et al., A comprehensive theoretical analysis for the effect of mi-
crowave heating on the progress of a first order endothermic reaction, Chemical Engi-
neering Science 66 (2011) 5832–5851.

[146] S. Nair et al., A high-temperature pulsed corona plasma system for fuel gas cleaning,
Journal of electrostatics 61 (2004) 117–127.

[147] G. Winands et al., An industrial streamer corona plasma system for gas cleaning,
Plasma Science, IEEE Transactions on 34 (2006) 2426–2433.

162



REFERENCES

[148] P. Biloen, Transient kinetic methods, Journal of Molecular Catalysis 21 (1993)
17–24.

[149] G. Yablonsky et al., Temporal analysis of products: basic principles, applications,
and theory, Journal of Catalysis 216 (2003) 120–134.

[150] M. Boaro et al., The use of temperature-programmed and dynamic/transient methods
in catalysis: characterization of ceria-based, model three-way catalysts, Catalysis today
77 (2003) 407–417.

[151] C. Bennett, Experiments and processes in the transient regime for heterogeneous
catalysis, Advances in catalysis 44 (1999) 329–416.

163



164



It was the best of times, it was the worst of times.

Charles Dickens

Dankwoord

Met het voltooien van dit proefschrift komt een bewogen periode ten einde. Er was
zorg en verdriet om verlies, maar ook vele nieuwe ontdekkingen, ontmoetingen en
ervaringen. Dat er nu een proefschrift ligt waar ik trots op ben is te danken aan vele
mensen. Op deze bladzijden zal ik proberen om al jullie bijdragen recht aan te doen.

Om te beginnen dank aan Ton die met zijn tomeloze energie en optimisme de
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een buitengewoon prettige manier samengewerkt, gefilosofeerd en inhoudelijke
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baar maakte om een opstelling te bouwen. Jouw inzichten en encyclopedische kennis
hebben richting gegeven aan het experimentele deel van dit werk. De begeleiding
was fantastisch, en zeer waardevol voor iemand die eigenlijk een buitenstaander
is in het vakgebied. Ik zal me de snelcursus katalyse in de auto onderweg naar
Schiermonnikoog met Ramses Shaffy op de achtergrond altijd herinneren.

Leyla en Peter, heel veel dank voor de dagelijkse begeleiding van het werk, de vele
inhoudelijke discussies en de hulp bij het duiden van de resultaten. Leyla, van
iedereen heb jij het meest bijgedragen aan het verbeteren van de kwaliteit van het
proefschrift en de publicaties. Peter, jouw kennis en vaardigheden in het lab zijn
onmisbaar geweest bij het tot stand komen van het experimentele deel van dit werk.

Dan een welverdiend dankwoord aan de technische steun en toeverlaat Tiny, waarmee
het niet alleen in het lab goed toeven is. Dank voor je hulp bij het bouwen en opera-
tioneel houden van de opstelling, en de grote vrijheid en het vertrouwen dat ik als
buitenstaander in jouw lab genoot. Will, voor jou hetzelfde woord van dank voor de
ondersteuning in ons lab bij elektrotechniek.
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dit werk! Jochem, jij in het bijzonder bedankt voor jouw aandeel in de bliksemstart.
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